o SRR

DOE/NASA/3152-78/1
NASA CR-135382

(YASA-CR-135382) STIRLING ENGINE DESIG 3-

a L - N =

nI_&yU?J. Final Report (Joint Center for .. N78-23999

Gra_dnate Study) 369 p HC A16/NMF 101 :

CSCL 216G . Unclas
G3/85 16707

'STIRLING ENGINE
{  DESIGN MANUAL

William- R. Martini
University of Washington p

A April 1978

Prepared for .
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Lewis Research Ceénter

Under Grant NSG-3152

:'5; for _ _ o |
" U.S. DEPARTMENT OF ENERGY D
Office of Conservation and Solar Applications
Division. of Transportation Energy Conservation




DOE/NASA/3152-78/1 -
NASA CR-135382

STIRLING ENGINE
DESIGN MANUAL

William R. Martini

University of Washington

Joint Center for- Graduate Study
100 Sprout Rd.

Richland, Washington 99352

April 1978

Prepared for

National Aeronautics and Space Administration
Lewis Research Center

Cleveland, Ohio 44135

Under Grant NSG-3152

for

U.S. DEPARTMENT OF ENERGY

Office of Conservation and Solar Applications
Division of Transportation Energy Conservation
Washington, D.C. 20545

Under Interagency Agreement EC-77-A-31-1011




A
.

PREFACE

The author wishes to acknowledge the aid of the following pecple who materially
assistéd the production of this manual outside of their regular employment.
They gave information not gererally available or conferred with the author at
length or reviewed and corrected the manuscript or a combination of the above.
They are: W. T. Beale, R. Belair, E. H. Cooke-Yarborough, D. A. Didion, J.

- Finegold, T. Finkelstein, F. E. Heffner, L. C..Hoffman, A. Organ, B. Qvale,

C. J. Rallis, G. Rice, P. A. Rios, A. Ross, A. Schock, J. R, Senft, J. L. Smith,
Jri, I. Urieli, and G. Walker. :

iii




R N T

Figures . ... . . . .. .. O, . viti
Tables . . . o L e e - X
SUIMATY + v vov v e e e e e e e e e e e e e e e . 1
Introduction. . . . . . . .. e e e e s e e v e e e e 4
- 2.1 Why Should Anybody Be Interested In Stirling Engines? . . . .. 4
2.2 What Is A Stirling Engine? . . . . . . . .. .. R
2.3 Major Types Of Stirling Engines . . . . . .. ... ... C e 8
2.3.1 Heat Sources . . .. ..... B T 9
2.3.2 Solid-Gas Heat Transfer . . . . . . . . . v . o v.. .. . 9
2.3.3 Gas Transport and Power Take-Off (Seals) . . ... ... 10
2.3.4 Power Control . . . . . . .. .. ...... G e 12
2.3.5 Heat Sinking . . . ... . . .. ... .. .. 13
2.3.6 Working Gas . . . . . v . eih e e e e e e 14

2.4 Present And Future Application Areas . . . . . . . e e e e e 14
2.4.1 Silent Electric Power . . ... .o v oo v v v v e e . .8
2.4.2 Reliable Electric Power . . . . . ..o ve v v o v . . 15
2.4.3 -Motor.Vehicle Power ... . . . . .. .. .. e e e 15
2.4.4 Heat Pumping Power . . . . . . . . .. .. .. .... . 16
2.4.5 Biomedical Power . . . . . ... ..... e e e 17
2.4.6 Central Station Power . . . . . . . « v v v v v v v v .. 17
2.4.7 Power For Other Uses? . . . . . . Ve e e e e e . 17
Current Automotive Scale Engines . . . . . . . . . . . . . v ..... 18
3.1 _Philips-Ford Programs . . . ... . . e e e e e Coe 18
3.1.1 The 1-98 Engine (76 e) e e e e e e e e e e e e 18
3.1.2 “The 4-215 Engine (77 k, 77°aq) . . . . v v v v v . . . . 20
3.1.3 The 4-98 Engine (77 k) ........... e e e 20
3.2 United Stirling Engines (77 1, 77 j, 77 al, 77 am) ... . . . . . 26 -
3.2.1 Application Plan . . -, . . 0 . . L o 26
3.2.2 Engine Design.. . . . . . . . v .. R 1
3.2,2.1 Seals . .. .. ... e e e e e e e 33

3.2.2.2 Gas Cooler . . . . .. e e e e e e e e e . 34

3.2.2.3 Gas Heater . . . .. ... .... e e e e R 34

3.2.2.4 Burner & Air Preheater . . . . . . . . .. ... 35

3.2.2.5 Power Control . ... . . . . v v v .. e 37

3.2.3 Engine-.Performance . . . . . . e e e e 40

3.3 General Motors Engine . . . . . . . ... e e e e e 40
3.3.1 History . . v v 0 00 0. Ve e e e e 40
3.3.2 NASA-Lewis Testlng e e e e e e e e 42
3.3.3 Engine Measurements (77 bd) e e e e e . 44

v

P T




3.4 FFV Engine

Review Of Engine Design Methods . . . . .. . . . e e e e e e e
Stirling Engine Cycle Analysis . . . . . ... . . v

4.1

4.2

4.3

4.1.1
4.1.2
4.1.3
4.1.4
4.1.5

4.1.6

Stirling Cycle, Zero Dead Volume, Perfect Regeneration
Stirling Cycle, Zero Dead Volume, Imperfect Regeneration
Otto Cycle, Zero Dead Volume, Perfect or Imperfect
Regeneration . . . .. . . .
Stirling Cycle, Variable Dead Volume, Perfect or .
Impérfect Regeneration . . . . . . . e v e e e e —_
Combined Stirling and Otto Cycle Variable Dead Volume,
Perfect or Imperfect Regemeration . . . . . . . . . © e
Conclusions from Cycle Analysis . . . . . . e e e e

First Order Design Methods .. . . . . . .. . . . .. . . . ...

4.2.1 .

4.2.2

4.2.4-
4.2.5

Second

4.3.1
l‘. 3' 2

Piston - Displacer Engines . . . . ... ... .....

1 Engine Definition . . . ... . ... ... ..
4.2.1.2 Sample Engine Specifications ... . . ..... . . .
4.2.1.3 Numerical Analysis . . . . ... v . v o v v . ..
4.2.1.4. Schmidt Equations . . . . ... .. ... S
Dual Piston Engines . . . . . . . . . ... ... ....

4.2.2.1--Engine Definition and Sample Engine

Specifications . . . . . . . . ... ... ...

4.2.2.2 Numerical Analysis . . . . . . . . .. .....
4.2.2.3 Schmidt Equations . . . . .. . ... .....

Experience Factors . . . . ... . . . .. . ... .. ..

4.2.3.1 Efficiency Experience Factors . . . . .. . ..
4.2.3.2 Power Experience Factors . . . . . . .. . ...

First Order Design Procedure . . . . .. . .. .. e e

Order Design Methods . .. ... .. . e e e e e

Capital Letter Nomenclature for Section 4.3 . . . . . . .
Basic Power OQutput .. . . .. ... soe a e a N

4.3.2.1 Schmidt Equations - Sihusoidal - Isothermal

4.3.2.1.1 Alpha, Dual Piston Form of

Schmidt Equation. . . . . . .. ...
4.3.2,1.2 Beta Engine Form Schmidt Equation . .
4.3.2.1.3 Gamma Engine Form Schmidt Equation

4.3.2.2 Basic Power Assuming Sinusoidal, Non-
Isothermal Processes . . . . . .. .. .. ...
4.3.2.3 Non-Sinusoidal, Isothermal . . . .. ... ...

4.3.2.3.1 Rhombic-Beta (Philips Engines) .
4.3.2.3.2 Crank Drive-Alpha Engine .. . . . .

4.3.2.4 Non-Sinusoidal, Non-Isothermal . . . . .. . . .

v

54
57



. i’1
4.3.3 Fluid friction Loss L 117
4.3.3.1 Regenerator Pressure Drop . . . ... ... 117
a3y sereens T 117 1
$3.3.0.2 Slots L L DTl 120 {
4.3.3.2 Heater and Coolep Pressure Drop - Tubular . . | 120
4.3.3.3 Eeatervand Cooler Pressure Orop - Interleaving
s «ov oo T T e o121
4.3.3.4 Heater, Cooler and Regénerator Windage Loss , . 121
4.3.4 Mechanical Friction Loss I TS P
4.3.5 Basic Heat Iput Tl e 121
4.3.6 Reheat Loss . T 122
4.3.7 Shuttle Conduction . ., | . e e e e 129
4.3.8 Gas and Solid Conduction S S K &
iy oo 4.3.8.1 Constant Area Conduction . , , ., . . . e e 134
i 4.3.8.2 Variable Area, Variable Thermal Conductivity . , 134
S 4.3.8.3 Conduction Through Regenerator Matrices ., ., . . 138 _
4.3.8.4 -Radiation Along a Cylindew with Radiation _
Shields ., ., .7, . T e e e e e e 138
4.3.9 Pumping Loss . . ., . SRR S 139
4.3.10 Temperature Swing Loss L K
_ 4.3.17 Internal Temperature Swing Loss . e oL, 140
- 4.3.12 First Round Engine Performance Summary ., , _ .. 140
v 4.3.13 Heat Pxchanger Evaluation . ., ", 11Tt 140
e N 4.3.13.1 Tubular Heat Exchangers . .. ., . & & 140
g 4.3.13.2 Annular Gap Heat Exchangers . . | . | . @ @' 141
IR 4.3.13.3 Isothermalizer Heat Exchangers , , . | | | @ 1471
o 4.3.14 Iteration to Fing Effective Gas Temperature . R I/
¢ 4.3.14.1 Flow Heat Exchangers . . . . ., . . . . 14
4.3.14,2 Isothermalizer Heat Exchangers . ., , [ | | ' 143
- : 4.3.15 Conclusions on Second Order Design Methods . . e oow o - 143
o 4.4 Third Order Design Methods . . , , ., . . T S 143
: 4.4.1 Basic Design Méthod . . , . . e e R P V'Y
4.4.2 Fundamental Differential Equations , . , ., | v 144
4.4.2.1 Continuity Equation ... ., ., . . . e 1M
4.4.2.2 Momentum Equation , ., . | | et e e 146
4.4.2.3 Energy Equation ., , , | | e v o 146
4.4.2.4 Equation of State ., ., ., .., .. e e e e, . 147
Comparison of Third Order Design Methods —. ._._. . . o 147
4.4.3.1 Urieli . ... e v e s e e e 147
4.4.3.2 Schock . . R R L « «- 148
4.4,3.3 Vanderbrug . . , . . S e e e e e 148
4.4.3.4 Finkelstein . . . . Ve e e .. 149
4.4.3.5 Lewis Research Center (LeRC) ... .. . . | ven o150

vi




L TR IR N

3"
AT ISR Y o SRR T e, =TT

i
PN
-

I

4.4,4 Conclusions on Third Order

5. Comparison Of Theory With Experiment .

5.1

7.1

Allison Engine
5.2 MIT Cooling Engine
5.3 The. GPU-3 Engine

6. Auxiliacy Stirling Engine Design
7. Sample Desigh Procedure
Stirling Engine Design Forin

.

L)

.

7.2 Sample Design Calculation .

8. References . . . . .

9. Directory

.

Appendix A . . . . .

Praoblems

. . .
* -
[y . .

vit

. .

.
v e
TS
e
D

.

[y

---W. R. Martini

..

, October, 1977 .

- 152
153
153

154
160

166.

167

168
219

248

. 342
355

P

—p e - -

Lo
croadt s

s

- rar

3

A Tk

2 s Lo

el
i




L S R )

[]
L¥e)

[]
-0

Wwww W w
LLra

L
omswr

w W ww

]
—
~

w W
) - gl
© o

w

4
N ny
N e o

3

N

’

Common Process for ajl Heat Engines
Example of Internal Combustion Engine . ., . . .
--Example of Closed Cycle Gas Turbine Engine . .., . .
Essential Character of a Stirling Engine . . .
Stirling Engine Design Option Block Diagram . . . .

Rinia Arrangement . . St e e e

Philips DoubTe-Acting Swashplate Engine . . N : : . :‘.

Philips 1-98 Engine on a Test Bench . . . . . ‘

Philips-Ford 2-215 Engine Cross Section , . . . | | '
Philips-Ford 2-215 Engine Assembled . . . . e
Stirling Engine Fuel Economy . . ., . . .
Stirling Engine Emissions ., ., . . |
The 4-98 Engine Partial Description . . . . | :
Ergine Performance Map for.the Ford 4-98 e e
Packaging of the Ford 4-98 Engine in a 1976 Pinto,
Rear Wheel Drive . . . . R
Packaging of the Ford 4-98 Engine in a 1976 Pinto,
Front Wheel Drive . Ve e h e e
United Stirling Application Plan
United Stirling P-150 ‘Engine in a Truck
Concept for United Stirling Production Engines
The United Stirling Rod Sea] e e
Uni ted Stirling Involute Heater .
United Stirling Burner and Air Preheater

Cold Starting Sequence for the United Stirling
V4X35 Engine . . ., [ " S e e ey e

Temperature and Air-Fué1‘Contro]

. L] . . * 0 . L]

oooooooooo

(United Stirling). ., . . . .
The General Motors GPY-3.2 Stirling Electric
Ground Power Unit for Mear Silent Operation

Schematic of Single Cylinder Stirling Engine with
Rhombic Drive . ‘o :

Schematic of Working Spaée. . : : : R S
Schematic Showing Diménsions Needed. for Calculating
Heat Conduction """ "~ F 0"+ .

Schematic Showing Arrangement of.Regenerator-Céoieé ‘
Unit Around Cylinder ., ..

viii

N T S PRSP Y

Main Types of Stirling Engine Arrangements . . . e e

00000000

Cross Section of a Rhombic Drive Engine , ., ., [ .. "

L) . . . o * o . ¢ o g

ooooooooooo

. . ¢ L L T, )

ooooooooooo

...............

00000

cccccccccc

(444
o

. ¢ s . LI S LS Y'Y LI Y .

N S -
T ¥
et =




List of Figures

Page 2

Do

[ s 5 8
W rS = >
(=]

:J&fvh
c e

>
]

et

o

]

~§ N E-

&f'&
[0

£
] $

Py ey
LLL

P -4
’

-
ce

4-19

a-20
421

d~22
A-23

4-
4-25
4-00
S=1. .

§-2

b3

5-4

s
(5]

“Heat Input and Work Output‘DQtQ %0% Allison PD—&?A-

Rhombi c ‘):’i Ve Sc']emti c . . L] . L] . . . . . . L} . L) .
Theoretical Stirling, Ericsson and Otto Cycles . . .
fheoretical Cycles « v v o o vow o n von b b b ot
Stmple Stirling Engine with Annular Gap Regenevator .
Effect of Regenevator Effectiveness on tfficiency .
Effect of Dead Volume on Work pevr Cycle for Isotherwal

Spaces aind Constant Averageé Prassuie o o oo v e e e e e
Comparison of Adiabatic and Isothermal Hot and Cold

Gas Spaces for 33% Dead VOTUME « & « o o o v o 8 s o0 v e
Piston Displacer Engine Nomenclatureé . o v v v v v v e e
Phasing of Displacer and Power PISEON o v 0 v o v voe v e e
Flow Diagram for Work Integral Analysis . .« «
bual Piston Engine Noirénclate and Assumptions

for Samplé CAase v o v v onovovoee v v a8t b0yt
work Diagram tov (ual Piston Sample Case- (DELPHI = 307) .
Engine Experience Factor Nomenclature « . v v e e s e
Indicated Efficiencies o v v v o v vv v v v 0 0n bt e
Calculated Indicated Efficiencies for Optimized-

Philips 1-98 Engines o v v v v o v v e v bt LS . s
Generalized Rhombic Drive at Zero and at Mexdimum VOLX . o .

> & w °
s o © o
. o o o o

Al . . LI ]

e o » oo °

e & o

e ®* o o

Generalized Rhombic Drive at Zevo and at Maximum VHLX . o

Oné Element of Rinia Arvangement, stirling Engine
Crank DEAVE v v v v v o e ansn e mie s e g b st
Flow thirough an Infinite Randomly Stacked Woven-Screen
Matrix. Flow triction Characteristics o« o v v v v e
Gas Flow Inside Civcular Tubes with Abvubt '
Contraction ENLrances « « v vov v v e v v e e s 0t
Roheat LOSS + o o v v v o v o v m s o0 b b 8 s
Gas Flow Through an Infinite Randomly Stacked Woven-
Sereen Matrix, Heat Transfer Characteristics « « v v o o
Shuttle CORAUCEION o v o v v v v v v v s e e s e e
Thermal Conductivities of Probable Construction
Materials forStiviing Engiues o o v w0 v oo
Computation of Tapered Cylinder-Wall Conduction .
Thivd Order Dasign Methods v ¢ v v v v v e e
Urteli Engine Model . . .

.

)
TR
[
.

¢ * o o

L]
Y
.
©

L T ) s s . )

Stirling Engine o v wov v v v e o a a e 8t b .
Internal Efficiency Data for Allison PD=G7A Stirling tngine
Dimensionless Cold Work, Warm Work, and Prossuve

Rat‘n “VT L] 0.62 . . . . . * . . ] . . . . + -0 [RUEE YR ) . [

Dimensionless Cold Work, Warm Work, and Pressure

Ratit\ "v1< r l 'E" - . . . . . . LN L] . . Al L] . . . L] .

Dimenstonless Cold Work, Wemw Work, and Pressurve
Ra—tiu‘vT ® {“92 . 1) L) . L] . 1] L] . . . .

ix

LR ] . * . . . L

e o o 2 »

s o o -

o o e

-

o o o

s o o

o o o ¢

» o o oo °

44
H
6%

L




) ey
:‘X” < ST
List of Figures e
Page 3 S -
© | i
L _5-6 Comparison of Pressure Drop LOSSES . . « « v v v v v v v 0 v v v s 162 } -
N 7-1 ...Mass Flow Approximation . . . . ¢« « ¢ ¢ ¢ ¢ o v v v e e .. 228 S
B " - R f
R TABLES A
] 3-1 Major Innovations in the 4-215 Engine . . « ¢ v v v v v 0w 22 i
- 3-2 Other Test ReSUTES & « v v v v v o s o o v v s o v o v o o o0 v 23 P
"*@j 3-3 Phase I Functional Status vs. Objectives R T <. T
N 3-4  Major Technical Problems Encountered . . v « ¢ v « v v ¢ v o v o 25 oy
3-5  Problems Encountered Yet To Be Resolved . . . . « « v v v v o s 25 ISR
3-6 Performance Targets for United Stirling Product Line 4" e
e 3-7  GPU-3-2 Engine Dimensions and Parameters. . . . .=« « « « v v . . 45 e
e 3-8 Test POINtS FOr GPU=3 + & v « v v v ¢ o v v v v o v oo o v e 41 o
SR 4-1 Effect of Adiabatic Spaces on a Discrete Stirling B 8§
= Cycle with Dead-MOlUMe o v v v v o v v v 0w o v o oon oo 69 i -
" 4-2 Indicated Efficiencies of a 1-98 Rhombic Drive : ] -
Philips Engine « v v v ¢ v v v evt v v 0 o s 0t e e s e 92 ol
4-3  Brake (Shaft) Efficiencies for a 1-98 Rhombic Drive 1
Philips Engine Optimized for Each Operating Point . . . . .. 94 3 S
4-4 — Maximum Brake Efficiencies for Various Stirling Engines . . . . . .95 1 .ggﬁ
4-5 Maximum Brake Efficiencies for Three Stirling Engines . . . . . . 96 ;,_;g:n
4-6 Maximum Net Brake Efficiencies for Various Stirling Engines. . . . 98 £ '3;!
4-7 Viscosity of Working Gases g mass/cm sgc at_PAVG = 10.MPa . . . . 119 oy
4-8  Heat Capacities for Working Gases, J/g°K . .+ « v v . v o v oo o 125 e
 J— 4-9 Flow Diagram for Work Integral.Analysis . . « « v ¢ v o ¢ v 0o o 127 o
1 4-10 Coefficient for Shuttle Heat Conduction Equation . ... ... .. 131 o
4-11  Typical Temperature Wave Length, LT, at Room o
Temperature Condition . « v o ¢« ¢ v v o v e b e ee 0 e e 132
5-1 Breakdown of Losses and Pawers-for the Al1ison Model
'PD-67A Engine with 118° Phase.Angle . . . . . v ¢ v v v v o« 156
5-2 Surmary of Rios's Data (69 ar) . ... v v v v v o o v v v oo .. 158 4
5-3 Pressure Drop LOSS « + « v v v v eov o o e e e v e e seme e s 162
5-4 LERC GPU Model Predictions . .« v « ¢« v ¢ ¢ ¢ o« v voe v o o v v 163 A
5-5  Computed Performarice for GPU-3 Test Points 1o
(Martini, 2nd Order) . ... v o o v v o v o s vov o0 o0 oo 164 o
5-6 Engine Calculations Using An Analytical Approximation
of the Effective Mass Flow Rate (A) and a Numerical i
Approximatior (N) + «.v v v v v v v e e e 165 SN
8-1. Stirling Engine References Organized by Year of i
PUBTICALION « & « o v v ¢ o o o v v v e e e e e e ea o 249 ;1‘
8-2 Personal Author Index to References . . « « « « v ¢ v v v v o o 313 )
8-3 .. Corporate Author Index . . « v v ¢ v vov v o v v vme v 0000 323 i
8-4  Classification of Stirling Engine Referances . . . . ... . . . 326 i
8-5. .. Paper Numbars Related to Each Stirling Engine Subject 1 .
Classification . .. v ¢ v v i v v v v 0 0w Coeoeoe . 329 |
X 1
K
o
U
e . W




1. SUMMARY

i Interest in the application of Stirling engines to serve a variety of power :

producing needs has increased considerably over the past several years. This '
interest has been generated principally by the potentials for hiuh evficioncy
and low emissions offered by the Stirling engine coupled with its inhevent
quietness and capability to operate with a variety of fuels or using a variety
of heat sources.

The DOE Office of Conservation, Division of Transportation Eneray Conservation,
has established a number of broad programs aimed at reducing highway vehicle
fuel consumption. The DOE Stirling Engine High.oay Vehicle Systews Program is
one such program. This program is dirvected at the development of the Stirling
enging as a possible alternative to the spark-ignition engine.

Project Management responsibility for this project has been delegated by DOE to
“the NASA-Lewis Research Center. Support for the generation of this design manual
was provided by_a aqrant from the Lewis Research Center Stirling tngine Project
Uffice.

s e - g A . e i = oo

For Stirling engines to enjoy widespread application and acceptance, .not only
must the fundamental operation of such engines be widely understood, but the
requisite analytic tools for the simulation, .design, evaluation and optimization
of Stirling engine hardware must be readily available. At the present time, the
. most highly developed and verified analytic programs are proprietary to.specific
g corporations.

The purpose of this desian manual is to provide an introduction to Stirling cycle
heat engines, to organize and identify the available Stirling engine literatwre. ...
and to identify, organize, evaluate and, in so far as possible. compare non -

R proprietary Stirling engine design methodolegies, As such. the manual then

' represents a fivst step in the Jong process of making available comprehensive, .-
well verified, economic-to-use, Stirling engine analytic programs.

esms i+ aemam K

The basic principles of heat engines arve explained. A Stirling engine is detined
as a heat engine that moves a body of was around in such a way as to compross

the gas principally in the cold part of the engine and expand it principally in
the hot part of the engine. _Heat is supplied and removed through the walls of
the engine.

utility in comparison to othew machines are discussed. Usetful Stirling engines
are or can be built from an output of a fow watts to a megawatt. Power density
s usually as high as a diesel engine and can approach a gasoline automebile
engine. Efficicncies 30% higher than an autonobile engine are projected.  teor
j complete engines designed to power vehicles experience shows that a current
! flame-heated Stirling engine powering all auxiliaries realized no more than 58t

B In introducing Stirling engines, the vaviety of Stirling enaine types and their
4,

A of the tamot efficiency foir the heat source and heat sink temperatures cmployed. 3!
1{ Stirling engines can be desianed to utilize almost any source of heat, ave \ AR
1 inherently quiet and can be made reversible.

Am-.:.l i N e il v R Ak e 5 | : . Q,A mh
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“no longer than the time it takes for sound to travel from one node to. the next.

[

The theory of Stirling engine is presented starting from simple cycle analysis,
Important conclusions from cycle analysis are: 1) Compared to an engine with
Zero unswept gas volume (dead volume), the power available from an engine with .
dead volume is reduced proportional to the ratio of the dead volume to the
maximum gas volume, and 2) At the usual dead volume ratios of greater than 50%
used in Stirling engines the error in computing the work per cycle using cne

easy to compute isothermal spaces instead of the more realistic but more difficult
to compute adiabatic spaces is 1 to -2%.

Engine design methods are organized as first order, second order and third order

3

with increased order number indicating_increased complexity. .

First order design methods employ the classical Schmidt equation and are princi-
pally useful in preliminary systems studies to evaluate how well-optimized engines
may perform in a given heat engine application. .

Second order design methods also utilize the Schmidt equation, but, in addition,
incorporate engine loss relationships that apply generally for the fui} engine

cycle. This method assumes that the different processes going on in the engine -
interact very little. The author's second order methods are given for several
different types of Stirling engines. These methods are presented in detail by

using work sheets that need only be filled out for the. specific case. One

sample problem is presented.using these work sheets.

The literature on third order methods is quite extensive.. This method solves
the equations expressing the conservation of energy, mass and. momentum using
numerical methods. The engine is divided into many nodes and short time steps
are required for a stable solution. Some third order methods assume that at
each instant in time the pressure is uniform. This assumption greatly reduces
computation time. If pressure is not assumed uniform, then the time step can be

Third order design methods compute the engine performance with much fewer
assumptions but require thousands of times longer computation time. Both second
and third order methods must be validated by agreement with measurement of the
performance of an actual engine.

The development and testing programs for engines greater than a few horsepower
are summarized. Current engines by Philips, Ford and United Stirling are
described. A 10 year old engine, the GPU-3, built by. General Motors for the
U.S. Amy and now under test at NASA-Lewis, is described in enough detail so
thet predictions can be made about its indicated power output and efficiency.

A1l the literature now available that compares engine measurements with calculated
performance is presented. Qvale gives a partial description of a Stirling engine
built by Allison and claims good agreement. Rios built and fully described a
Stirling cooling machine and shows that his computation method agrees with his
measurements. The performance of the GPU-3 engine presently under test at
NASA-Lewis was to have been presented for certain agreed upon test points,
Unfortunately, the data are as yet unavailable. The predictions of the indicated
output power and efficiency have been made for these test points using both the
second order analysis of Martini and the ‘third order analysis of NASA-Lewis and
are presented and compared.
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The tasks undertaken in this grant proved larger than anticipated. The original
objective of identifying and organizing all available information on Stirling
engines has been met. Over 800 publicly available references on Stirling engines
are.given according to year of publication, personal author, corporate author
and subject.. However, a thorough evaluation of all available analysis methods
could not be accomplished within the allotted resources. Nevertheless, it is
felt tnat there is benefit to be gained by making available the progress to date..
At this point, most of the design methods that are described in the literature

in enough deteil so that others may use them are given in this manual so that

the reader can use them. A1l of the simple methods are given. For.these methods
to be of kriown utility, they must be compared with reliable. engine test data
over a range of operating conditions. This comparison has not been done because
the data are not available at this time. Such data are being generated at at
least two government laboratories. Future support, if forthcoming will enable
incorporation of such data, completion of the design methods evaluation process
and production of a more comprehensive design manual.
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SN 2. INTRODUCTION

2.1 Why Should Anybody Be Interested In Stirling Engines?

For many years during the last century, Stirling engines occupied a8 ... —.-

: relatively unimportant role among the kinds of ‘wagines used during that
Saro period. They were generally called air engines and were characterized by
v 15" high reliability and safety, but low specific power. They lost out in the
1. dollars-per-horsepower race with other competing machines. In the 1930's
some researchers employed by the Philips Company, in Holland, recognized
some. possibilities .in this old engine, provided modern engineering techniques
could be applied.. Since then, this company has invested millions of dollars
and has created a very commanding position in Stirling engine technology.
1 Their developments have lead to smooth, and quiet-running demonstration
R engines which have very high efficiency and can use any source of heat.
i They may be used for vehicle propulsion to produce a zero-or low level of

: pollution. A great variety of experimental Stirling engines have been.

1% - —built from the same general principles to directly pump blood, generate
Cal electricity, or directly generate hydraulic.power.. Many are used as heat
"’59 pumps and some can be used as both heat pumps and heat engines depending

upon the adjustment. With a few notable exceptions of independent individuals
who have done very good work, most of the work on Stirling engines has been —
done by teams of engineers funded by the giant companies of the world. The
vital details of this work are generally not available. The United States
government is beginning to sponsor the development of an open technology
on Stirling engines and is beginning to spend larde sums of money in this
area. DOE contracted with the Ford Motor Company to spend 160 million dollars
I over the next 8 years to bring about a commercial Stirling engine (77 ap)*.

R B R DOE will supply 110 million of this sum. About 4 million dollars will be
IR B B spent in the first year to better assure both parties that 30% better than

S RS e conventional engine gas mileage can be obtained with the Ford-Philips Stirling
engine. Also DOE has announced that a second team composed of Mechanical
Technology Incorporated, Latham, New York; United Stirling of Malmo, Sweden
and American Motors will be negotiated with to help "establish the development
base of component, subsystem and system designs, fabrication technology, test
experience and assessment of cost and market ability nécessary to support a
décision by 1984 by the U.S. automobile industry to establish a production
engineering program for the Stirling engine" (77 ai). Since for many engineers
interest must follow money, now for the first time-a reason for bécinning to
become familiar with the interesting and varied properties of this class of
thermal machines exists for a much larger group of éngineers.

2.2 What Is A Stirling Engine?

_ Like any-heat engine, the Stirling engine goes through the four basic
processas of compression,_heating, expansion, and cooling (See Figure 2-1).

A couple of examples from every day 1ife may make this clearer., For instance,
Figure 2-2 shows how. an automobile internal coitbustion engine works. In

this engine a gas-air mixture is cofipressed using work stored in the mechanical
flywheel from a previous cycle. Then thé gas mixture is heated by igniting

it and allowing it to burn. The highér pressure gas mixture now is expanded

* See references in Section.8 —_—
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Figure 2-1. Common Process for all Heat Engines.

which does more work than was required for the compression and results in
net work output. In this particular engine, the gas mixture is cooled very
little. Nevertheless, the exhaust is discarded and a cool gas mixture is.

brought-in through the carburetor.

Ariother example of the general process shown in Figure 2-1 is the closed
cycle gas turbine engine (Sée Figure 2-3). The working gas is conpressed,
then it passes through a steady-flow regenerative heat éxchanger to exchange
heat with the hot expanded gases. More heat is added in the gas heater. The
hot compressed gas is expanded which generates more energy than {s required
by the compréssor and creates net work. To completeé the cytle, the expanded
gas is cooled first by the steady flow regenerative heat exchanger and then
the additional cooling to_the heat sink.

In the first example (Figure 2-2), the_processes occur essentially _
in one placé, one aftér the other in time. In the second example (Figure 2-3),
these four processés all occur simultaneously in différent parts of the-machine.
In the Stirling machine, the processes occur sequentially but partially over-
lapping in time, Also the processes occur 1n different parts of the machine
but the boundaries are blurred, One of the problems which has delayed the
realization of the potential of this kind of thermal machine is the difficulty
in calculating with any real degree of confidence the complex processes which
go on inside of a practical Stirling engine. The uuthor has the assignment’
to presént as much help on this subject as is presently freely available.
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Figure 2-4,

VOLUME .

Essential Character of a Stirling Engine.

]l

2.

A heat engine is a Stirling engine for thé purpose of this book when:

The working fluid is contained in oné body at nearly a
coiilon pressure at éach instant during the cycle.

-The working fluid is manipulated so that it is generally

conpresséd in the colder portion of the engine and expanded
generally in thé hot portion of the- engine,

Transter of the compressed gas from the cold tc the hot
portion of thé engine is done by manipulating the fluid
boundaries without valves or real pumps. Transfer of the -
expanded hot gas back to the cold portion of the engine is
done the same way.

A revérsing flow vegenerator (regenerative heat exchangev)
may be -used to increase efficiency.
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The general process shown in .Figure 2-1 converts heat 1nto»mechanica1
énergy. The reverse of this process can take Place in which machanical energy
is converted into heat pumping, ‘

Figure 2-4 shows a. generalized Stirling engine machine as described above.
That is, a.hot and a cold gas space is connected by a gas heater and cop]er~and
regenerator. As the process proceeds to produce power, the work?ng_f1u1d is
compressed in the cold space, transferred as a compressed fluid.into the hot
space where it is expanded again, and then transferred back again to the cold.
space. Net work is generated during each cycle equal to.the area of the
enclosed curve.

2.3 Major Types Of Stirling Engines

In this publication the author would like to consider the classification
of Stirling engines from a more basic standpoint. Figure 2-5 shows. the. various
design. areas that-must be addressed before a particular kind of Stirling engine
emerges. First some type of external heat source must be determined. Heat
must then be transferred through a solid into a working fluid. There must be
a means of transporting this gas between the hot and cold portion of the engine
and of compressing and expanding. it. A regenerator is needed to improve
efficiency. Power control is obviously needed as are seals to separate the
working gas from the environment, Expansion and compression of the gas creates
net. indicated power which must be transformed by some type of Tinkage to create

useful power. Also the waste heat from the engine must be rejected to a suitable

sink.

HEAT SOURCE

¥
SOLID-GAS HEAT TRANSFER
y ¥
woggéme REGENERATOR GAS TRANSPORT e« ENGINE CONTROL
seaLs
HEAT TAKEOFF
TRANSFER
) !
HEAT. S INK USEFUL POWER

Figure 2-5, Stirling Engine Design Option Block Diagram.
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A wide variety of Stirling engines have been manufacturved.  These old engines
are described very well by Finkelstein (59 ¢) and Walker (73 j). Usually these
jnvolve three basic types of Stirling engines, One, the aipha type, uses two
pistons (Seé Figure 2-4 and 2-6). These pistons mutually compress the working
gas in the cold space, move it to the hot space where it is expanded and then
move it back. There is a vegenerator and a heater and cooler in series with
the hot and cold gas spaces. The other two arrangements use a piston and
displacer. The piston does the compressing and expanding, and the displacer

does the gas transfer from hot to cold space. The displacer arrvangement with .

the displacer and the power piston in line is called the beta-arrvangoment.,

and the piston offset from the displacer, to allow a stnpler mechanical
arrangenent, is called the gamna-arrangement. However, these arrangoments
concentrate on only one of the vital design choices which face a creative
disiginer of Stirling engines. The.other design choices under the categories
shown in Figure 2-5 will now be enumerated to indicate the breadth of possible
Stirling engines,

2.3.1 Heat Sources

Since heat is supplied to the outside of the Stirling engine, many kinds
af heat sources can be incorporated. Almost all work so far.has been toward
the development of a Yiquid fuel burner which requives an air pre-heatew to
work effectively. Virtually any type of liquid. tuel can be used.  Some work
is now being started using solid fuel burners which are mostly fluidiced bed
coal burning experiments in which a heat pipe transports the heat trom the
burning coal to the engine (76 t). For undersea application a system has been
developed to react-lithium with $Fg and Lransport heat to the engine with a
heat pipe (75 ).  Some rvesearchers suggested that electrically heated thermal
energy storage units coupled with Stirling engines might be better for olectric
vehicles. than even the most advanced type of electrochomical batteries coupled
with electric motors (76.c).  Relatively small mirrors or lonses focusing on -
a small-Stirling engine are being considered as potential power sowces for the
future (77 ac). The conclusion here is tnat there are many ways of using
$tirling engines with less common heat sources which have definite possibilities
for the tuture.

2.3.2 Solid-Gas Heat Transfer

The techiology of how to add and rvemove heat from the working fluid in the
Stirling engine is the most crucial of the entire Stirling chgine design. There
are two essontial reasons for transferring heat into and out of the gas.  The
first is to supply the heat- of expansion {heater) and vemove the heat of compres-
sion (cooler). The second is to supply and rvemove the sensible heat as the

working fluid oscillates between the hot and cold part of the engine (regenorator).

It is quite.clear from Figure 2-3 that the closed cycle gas turbine (Brayton

Cyclu) also shares these essential veguirements. For both the Brayton Cyele as
well as the Stirling Cycle engine frictional losses must be minimized.  Howover,
in the Brayton Cycle making the heat c¢xchangers large to reduce friction has no
effect on the capacity of the compressor-éxpander,  However, the price that the
Stirling engine pays for not having to have the cost and problems of compressors

- and expanders needed in the Brayton Cyele is the necessity of heeping the

undisplaced or dead volumé to a-minimum-for the heat exchangers and associated
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ALPHA-TYPE BETA-TYPE
HeATER GAMMA-TYPE
REGENERATOR
COOLER
EXPANSION SPACE
COMPRESSION SPACE

Figure 2-6. Main Types of Stir]ing Engine-Arrangements.u
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A number of early air éngines {59 ) ‘used a

positive»di§p1acement compressor .
and expander. In these, dead volume was no probil

v em but valving was. The valved
hot gas engine at MIT (72 ar, 73 ay, 75 bf) is being used_tg investigate this
alternative with modern.engineering.

‘ , ‘etically a good way to greatly reduce dead volume.
This. is an old idea. (1854 b) but has récéntly received rehewed'atténtion<und9ﬁ
the nane thermalizers (73 p) or isothermalizers“(77 h). One of tha chief design
Challenges is tq build efficient,

low dead volume heat exchangers at a reason-
able cost, Very high gas pressures—are-used

because power density is Proportional
;o average gas pressure: Losses increase on]y §Iow]y wjth gas pressuré. High

2.3.3. Gas Transport and power Take-0ff (Seals)

Stirling engine gas transport is always positive displacement of some sort..
Pistons are the usual means. The engine now receiving the most attention is g
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Figure 2-7.. Rinia Arrangement.
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Figure 2-8. Philips Double-Acting Swashplate Engine.

combination of 4, 2 piston machines. However, since e

ach piston is.double acting,
oily four pistons are needed to tmplement the cycle.

This is called the Rinia
arrangenent (See Figure 2-7)(46 d). Power take=off can be with a swashplate
(See Figure 2-8)(69 f) or with a convention

: al crank and cross head. (69 f) or
with a hypocycloid crank (76 ¢). Piston seals cannot be o1l lubricated since

the oil will foul the heat exchangers quickly. Filled Teflon piston rings are
usually used. The volume of gas inside the Stirling engine is very smali so
that any leakage greatly reduces power.  Specially designed mechanica) seals or
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0i1 backed roll sock seals are used to almost eliminate leakage. Fabric
reinforced roll sock seals are also a possibility (76 c), hut have not received
much testing. . In some low power systems, leakage, sliding friction and
mechanical. wear have been. eliminated by using diaphrams (75 1) or bellows (71 ao)
instead of pistons. Finally. the free surface of a water column has been used

as a power piston in some experimental water pumps (76 k) and heat pumps (75 g)
to eliminate leakage and lower friction.

Rotary and shaft seals have been eliminated.for a number of developments.
water pumping (71 g,. 71 ap), oil pumping (77 X)4 and electric power output using

a linear e]ectric.generator.(75 n, 74 ), and gas pumping (76 al), and heat
pumping (77 a, 77 bn, 73 b) dre.now being developed.

In the water, gas and heat pumping cases, pressure change may be due only
to the transport of gas from the cold to the hot side of the displacer. If it
pumps gas or liquid it is called a thermocompressor (69 x). This is equivalent
to an internal combustion engine. without compression before jgnition of the gas
mixture. Power is low but it is attractive because of its simplicity. If
pressure surges are created by. a single displacer operating between a hot and a
warm zone, then a Vuilleumier cycle cooler is realized. This type of machine
was patented by Rudolf Vuilleumier (18 a) -and has recently received a lot of
government development to produce.re1iab]e coolers for infrared sensors which
must operate in the -20. K range.

These displacer-only type machines have been operated with a crank driven
by an electric motor (76 1y, and by a crank and flywheel driven by a displacer
drive. piston (74 n). A plug-in-orifice drive for the displacer has also been
demonstrated (70 v). Latching electric solencids can .be made efficient and
could be also used for the purpose of driving the displacer. Also, overcenter
springs have been evaluated for this purpose.

A1l the displacer-only machines have their counterpart in a machine with a
power piston. For instance, if the 1iquid or-gas punip has sofe inertia added,.
then the mass-spring-damper*system_can be designed with a resonant frequency
efficiently attainable by the Stirling enginé displacer.. A much larger displace-
ment. would then be possible for the same amount of gas processed by the displacer
and regenerator. Therefore, more power-wou]d-be generated without increasing
losses. An .oil pumper using a metallic inertia member and a bellows-sealed
drive piston has been denonstrated to be self starting (77 x).. Heat pumping
Las‘ing)‘a Fluid flywheel between two beta type Stirling engines is under development

77 h). -

Finally, displacer-piston machines can act as thermally powered mechanical
awplifiers. A small amount of power moving the displacer can control a large
amourit of power at the power piston. This could create a push or pull. Ina
multipiston engine a very even torque and a speed exactly matching the excitation-

frequency would be realized.

~2.3.4. Power Control

The Stirling engines of the last century were controlled by heat input and
by a hand operated vent valve (59 c). Heat was applied- through burning wood
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or coal, usually. When hot the engine was turned over once by hand and
started. Water pumping was usually the task, so rapid control was not required.
Modern engines are being used to generate electricity or operate vehicles.
In both cases highly responsive speed control is needed. The standard method -
has been.to rapidly add or remove working fluid (77 i). Other methods have been
considered like varying the stroke of the. power pistons (possible in the Philips
swashplate engine (74 c¢)). Temporarily connecting the working gas space to the
buffer space during a controlled part of each strokeé also is shown to control
power (73 v). Changing the phase anqle between the piston and displacer during
operation has been demonstrated (76 c). With this type of power control one can
change during operation from positive torque to negative torque for regenerative
braking and heat reclamation. For maximun efficiency at.a particular speed and
torque requireitént. one can arrangé to change the stroke of the displacer at
1 900 phase angle (76 c). It is also theorctically possibie to do the same
thing with a Rinia swashplate machine by tilting the swashplate over center.

In a displacer-power piston machine (Betu or Gamma type) the displacer
requires only a small fraction of the engine power output. Up. until now we
have talked about obtaining this power by mechanical linkage from the power
piston through a crank mechanism which may be fixed or variable in phase
angle and stroke. Engines have been built in which the displazer is driven
by part of the pressure-volume energy generated by the engine but applied to
the displacer drive. piston instead of the power piston (72 j). Some of these
engines are controilable by spoiling through a valve part of the energy applied
to the displacer drive piston (77 x). |

Displacers can be driven.by electric, pneumatic or hydraulic means.entirsly
independent of what happens at ‘the power piston. A class of thermaily powerad
actuators could be created. Also speed controlled engines analaguus to a
synchronous electric motor could be developed. That is, the enginz would act
as a heat engine or as a heat pump depending on whether the engine is driving
the load or the load is driving the engine at the excitation frequengy.

One can conclude that there are many useful ways of controlling Stirling
enginés some of which may be cheaper or more energy efficient that those now
considered standard.

2.3.5 Heat Sinking

Compared to internal combustion engines, Stirling engines require a larger

radiator. Compared to a Diesel engingé, thrée times wore heat must be dissipated ..

through the radiator (75 w). A special thin corrugated radiator has been
developed to allow a miore powerful radiator to be installed in the same volume
(74 ¢). . The standard method is a pumped coolant loop and a heat exchanger to .
the air.. Not much has been done with heat pipes, boiling condensing systems
ot fins. Possibly the cold spacé can be shaped with a large surface area .so
that direct cooling to the air through fins is a possibility.

In the heat sink area one difference between internal combustion machines
and Stirling engines should not be overlooked. In an internal combustion engine
the engine has to be kept warm to work well. In a Stirling eéngine the co]dpr
the heat sink the better tlie engine works. Another big advantage of a Stivling
enginé is that it can operate ovér the entire available temperature diffevence
providing watérials of construction can be found. Nohody has seriously looked
at engines designed to operate between 2,000 C ~nd-ambvent temperature.




2.3.6 MWorking Gas

Almost all the early Stirling engines used air at a minimum pressure of one
atmosphere (59 c). As early as 1827 engines built by the Stirling brothers used
pressurized air (59 c), but the idea did not catch on. The first engines built
by Philips used pressurized air from a built-in air compresser (46.a). An
analysis of all possible gases will show that hydrogen and helium are nuch better
than any other gas. Hydrogen is best because it has the highest thermal

conductivity, the lowest viscosity and a low heat capacity on a volume basis.
Caly a small amount of heat is needed to-change its temperature., However,
hydrogen permeates through metals. and no container is completely impermeable.
Hydrogen is also flamable, but the amount of gas employed is quite small. Also
some meétals are embrittled by hydrogen. On the other hand, helium is inert

and can be permanently contained in metal.. It has an even lower volumetric
heat capacity than hydrogen and almost .as good a thermal conductivity, but the
viscosity is twice that of hydrogen. Michels (76 e) showed that a Stirling
engine can be designed to use either hydrogen, helium or nitrogen all with the
same efficiency for the same temperature. However, the heater, cooler and
regenerator of. each engine would be desioned quite differently. Helium and-
hydrogen can attain the same power density. However, an engine designed to run
with hydrogen will run poorly with helium. Hydrogen has a broader range of high
efficiency operation than does helium. A Stirling engine running on nitrogen

or air appears to be limited to 20 to 25% of the power of a helium or hydrogen
filled engine of the same displacement (76 e).

Dissociable gases like nitric oxideé (67 h) have been proposed but there
seems to have been no appreciation of the need for good heat transfer properties.
Liquids like-water have been used (31 a). Water-hydrogen has also been proposed
for use in a Stirling engine (74 ao).. The addition of water to the gas improves
the power density. However, the water vaporizes at a high temperature and
condenses at a low temperature. Little regeneration is possible for-the water
component of the working fluid. However, at moderate heat source temperatures,
the simple Rankine cycle has a good efficiency compared to the maximum .possible.
Much more heat must be transfevred through-about the same area and thickness of
gas film. A better solution probably is to eliminate the permanent gas entively
to attaiu high rates of heat transfer. A successful. displacer-power piston type-
Stirling engine using aas-free water-steam was demonstrated in the-artificial
heart program (76 bc).

2.4 Present and Future Application Areas

At the present, the oniy Stirling engines that can be purchased on the open
market demonstrate the principle but do not demonstrate the power density and
efficiency possible with modern technology. However, the following are considered
to be the future application areas.

2.4.1 Silent Electric Power

~ In the laboratory the application that has received the eavliest attention
by Philips (47 b) is the coupling of a Stirling engine to an electvic generator
to achieve a near silent electric power source. It appears that an engine made.
by FFV of Sweden will be marketed in 1979 in the United States just. for that
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i System ——— Specific Energy Efficiency
| WHR(m)/Kg of System WHREmgdelavered
N at 20 w(m?/Kg System WHR(e) supplied
f Projected 500 C Lithium- 50 0.46
% Iron Sulfide Battery +
5 Controls + Electric Motor
!
Projected Zinc-Nickel 0.38.
Oxide Battery + Controls + 30
b Electric Motor
{ Current Lead Acid
| Traction Battery + 10 | 0.26
J Controls + Electric
i Motor

The Stirling system is expected to b
advanced battery propulsion- systems.
rapidly transferring heat into the the
cheaper sources of heat from burning..c
energy could be employed.

A Stirling engine should be good for ship and boat propulsion. The Tow
noise, reasonable power density and the higher performance due to the low heat
sink temperature and especially its reliability should all be advantages to

outweigh the probable higher cost. A geod. reliable Stirling engine outboard
should: sell very well,

e lighter and about as efficient as the
In addition, if a.practical way of

rmal storage can be developed. then

cal or wood or from concentrating solar

2.4,4 Heat Pumping Power .

i » heat pumps, have enjoyed a good market in
the cryogenic industry to ~1iquifi i
sensors and the like (27 ax).
Stirling engines have als
motor in a common Rankine cycl
free-piston engine pump is bei
driven heat pumps have the advantage of heating the bui

of the heat pump (77 J). Also being

ing Stirling heat engine heat
pumps. These could be two conventional Stirling engines “connacted together

(73 x) or free-piston machines which eliminate much of the mackinery and the
seals (69 h). Using machines of this type it appears possible that the primary _
fuel needed to heat‘our‘buildings can be greatly reduced. to less than 25% of -
that itow being used (77 h). With this type

of incentive Stirling engines for
house heating and cooling may be very big in the future.
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2.4.5 Biomedical Power

Miniature Stirling engines are now being developed to power an artificial
heart (72. ak). Indeed this engine appears uniquely suited for this application
since it is very reliable and can be made efficient in small sizes. One engine
of this size has run continuously-for 3.25 years and is still going (77 x).
Once the blood pump compatibility with the body is improved to the order of
years from. the present six months then this application area will open up.

Between the tens to hundreds of horsepower required for automobiles and
the few watts required for artificial hearts may be many other applications.
For instance, powered wheel chairs now use a cumbersome lead-acid battery and
control box between the wheels and an electric motor belt driving each large
wheel. With a Stirling engine and thermal energy storage the same performance
might be obtained, using a TES-Stirling engine, belt driving each wheel with the
speed controlled electrically. The large battery box and controls could be
dispensed with and the chair could become truly portable by being collapsible
}1ke an unpowered wheel chair. There may be many specialized applications

ike this.

2.4.6.. Central Station Power

Many people have asked if Stirling engines are useful in the field of
ceniral station electric nower. Very little has been published attempting to
answer this question (68 k}. R. J. Meijer (77 bc) calculates that Stirling
engines can be made up to a capacity of 3,000 HP/cylinder and 500 HP/cylinder
Stirling engines have been checked experimentally using part engine experiments
(77 bc). Many simple but efficient machines could be used to convert heat
to say hydraulic power. Then one large hydraulic motor and electric generator
could produce the power. In the field of advanced electric power generation
it should be emphasized that the Stirling engine can operate most efficiently
over the entire temperature range available and could supplant many more
complicated schemes for increasing the efficiency of electric power generation.

2.4.7 Power For Nther Uses?

Who is to say whether the above 1ist of uses is complete. As these
machines come inte use and many people become involved in perfecting them
for their own purposes, many presently unforseen uses may develop. A silent
airplane engine may even be possible for small airplanes. The Stirling engine
is still a heat engine and is 1imited to the Carnot efficiency as other heat
engines are, but it appears to be able to approach it more closely than the
others. Alsc the machine is inherently silent and uses fewer moving parts
than most other engines. What more will inventive humans do with such a
machine? Only the future can tell.
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3. CURRENT LARGE ENGINES

The history of Stirling engines is fascinating. The reader is referred to
Walker-(73 j) or Finkelstein (59 c) for this type of information. In this
section those current engines with power greater than.1 horsepower w1]] be
described. This selection leaves out model engines, and small free piston
machines for pumping, refrigerant or blood or for producing electricity, The

engines to be discussed are:
N. V. Philips Co. (Netherlands)
1-98
4-215 (Ford testing & modifying)
Ford Motor Company
4-98 Double Acting Swashplate .
United Stirling of Sweden (USS)

P-40
P-75
P-150

General Motors (NASA-Lewis Testing)
GPU-3

FFV (A Swedish Government Owned Industrial Group)
Auxiliary Power Unit Engine

3.1 Philips-Ford Programs

~ Current Philips engines use tubular gas heaters and gas coolers, The
coolers are water cocled and the heaters may be heated by a flame or a heat
pipe. Stacked screens with very fine wire mesh are used. for the regenerator.
Current. types use rhombic drive with displacer and power piston (the 1-98
engine) and the 4 cylinder double acting Rinia configuration with a swash-
plate crank case (4-215 and the 4-98 engine). Power control is by adding
and removing gas. -The .engines must be preheated and then cranked to ster-

3.1.1 The 1-98 Engine (76 e)

About 30 of‘thes; engines wére built. It has one cylinder and a piston
swept volume of 98 cm®. Figure 3-1 shows one of those engines on test. Figure
3-2 shows a cross section of this type of Rhombic drive engine. The engine
operates with a heatér temperature from 250 C to 850 C and produces as much
as 20 KW at reasonable efficiency. It is capable of delivering about 15 KW
at 3,000 rpm and 220 atm gas pressure. With hydrogen working gas, with properly
optimized heat exchangers and with a heater temperature of 850 C and. a cooler
temperature of 0 C, this engine will produce 10 KW at a shaft efficiency of
about 43%. This does not include the heater efficiency (76 e).

o, i m -
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Figure 3-1. Philips 1-98 Engine on a Test Bench.

Figure 3-2. Cross Section of a Rhombic Drive Engine.
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3.1.2 The 4-215 Engine (77 k, 77 aq)

The development of the 4-215 engine started at Philips, Eindhoven, in
mid 1972. Figure 3-3 shows a cross seéction and a.picture-of this engine.
It uses the Rinia arrangement with 4 double-acting pistons with a swashplate |
drive. The maJor innovations incorporated into the 4-215 engine over previous i
swashplate engines are shown in Table 3-1. This engine was installed in a
Ford Torino 4500 1b inertia weight vehicle. The best fuel.economy in the I
vehicle was found to be 12.6 MPG on the Metro<Highway driving cycle (See y o
Figure 3-4). This is sign1f1cant1y Tess than the 15.5 MPG that the conventional ey
vehicle would get with emission controls. Ford has already made improvements
in the engine and dynamometer tests have resulted in a simulated 14.4 MPG. RS K
Ford believes that with additional improvements now underway the obJect1ve of b
16.7 MPG by October, 1978 will be reached. Ford has identified a series s
of.modifications to the present enginé which should realize a 30% improvement
in gas mileage to 20.2 MPG by the end of the 160 million dollar program with
DOE in 1985. Further out is the expectation that if ceramics like silicon
carbide and silicon nitride can be substituted for the expensive nickel alloy
hot ends, that the MPG would go to 23.2, thé engine costs would drop and many
more engines could be made with the ava11ab]e resources. Stephens, et al B
(77 at) calculate that-300,000 enginés would consume as much cobalt as all el
the United States used in 1976 Scarce materials 1ike cobalt and nickel and o\
chromium must be used sparingly. =
One of the big reasons DOE is interested in Stir]ing engines is that it
. can have high fuel economy and low pol]ution and low noise. Fidgure 3-5 shows e
f% that Ford has not been able to meat emissions standards with the vehicle s B
ks engine. Previously conducted combustér rig tests at steady operating points -
] showed very low pollution levels. Ford expects with. further development to A
1. meet. emission standards. gy
&t ~ The results of other tests (Table 3-2) show that the engine is about 50 1bs vl
o over weight objective. The slower start-up and acceleration is attributed to g
o a higher pressure drop through the combustion side of the engine than was . SR
R anticipated. A
A Table 3-3 shows the present status and the obJect1ves of the eight year N R
Ford/NASA/DOE development program. Improvements in a number of categories g
aré anticipated. However, for the program to be successful the big develop-
ment has to be to lower cost. This aspect has been Ford's main concern from
the beginning. Although nothing has been published on this most vital -aspect,
Ford must see a way to makée Stirling éngines economically attractive or they
would not continue the program. Like any other devélopment program, Ford has
éncountéred quite a number of problems.. Table 3-4 shows the major technical
17 problems they have encountered and resolved. Tablé 3-5 shows the major
e technical prob]ems but not yét resolved. These certainly are major problems.
but there is nothing of a basic nature. During this development program,
Ford intends to utilize the same basic enginé concept but with improvéments .
in components, auxiliaries, and drive to achieve the stated objectivés. R

3.1.3 The 4-98 Engine (77 k)

The 4-98.Stirling engine is so far a design study of a down-sized version

20
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@ 4215 170 H.P. ENGINE

o LENGTH — 36.5 INCHES
« WIDTK (MAX) — 26.0 INCHES
* HEIGHT (MAX) — 27.3 INCHES
* WEIGHT (LBS)— 713 -
o DISPLACEMENT
(PER CYLINDER) — 215 CC
* DESIGN SPEED — 4500 RPM
(MAX) -

Assembled

Figure 3-3. Philips-Ford 2-215 Engine

oRODUCIBLLATY OF THE
PRODUCIBILILY |
%gmmAL PAGE IS POOR
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Table 3-1

Major Innovations in the 4-215 Engine
(Reference 77 aq)

oS
i

* 200 atmospheres working gas pressure vs. 150 atmospheres for
previous engines.

* First engine with rotary ceramic preheater system.
« New air/fuel control system to satisfy dynamic requirements.
« New power control system for automobile demands.
+ Three times larger than previous swash plate engines.
nT « Half the specific weight of previous Stirling engines.
« Packageable within existing engine compartments.
« 4000 rpm capability vs. 2000-3000 rpm of rhombic drives.
« First engine with exhaust gas recirculation.
. Unique coolant flow through cooling units.
o New lubrication system. .
- First engine designed to.drive full range of automotive type

accessories..
20 10 0 10 20 30 40 50 60
l‘lilllll ) " U |
' WORSE - BETTERTHANBASEUNE
ADVANLEDLERAMK:ENGWE H  Jes2wmpG
ERDACON1RACTATHGLNERAnowaoam@Iwgs ~ Jeo2mrG
'PHASE|OBJECNVES L _:|157|MPG' e
| S
BESTDYNAMOMETERTESTTOD@TL  Jhaamra
' i
BESTVEFHCL[TE 5T TO DATE 12 6MPG
- . [}
197/LTDHBA5EUNE . 15 6 MPG
1111'1‘11111lllll.llilll"lll_J
0 5 10 15 20 25

METRO HIGHWAY FUEL ECONOMY (MPG)

Figure 3-4. Stirling Enginé Fuel Economy.
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w50 K MILE OBJECTIVE (CLEAN AIR ACT AMENDMENT OF 1970)

Figure 3-5. Stirling Engine Emissions.

Table 3-2.

Other fFord Vehicle Test Results
(Reference 77 aq)

Acceleration (0-60 MPH Time).

Dynamometer Test = 16.0 Sec.

Objectives . = 12.7 Sec.
Vehicle Weight (Curb)

Méasured 106 1bs. over baseline

Objectives 50 1bs. over baseline
Start Up Time (Key-on To Driveaway)

Measured 24 Sec.
Objectives = 15 Sec.
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Table 3-3

Ford Phase I Functional Status Vs. Objectives
(Reference 77 aq)

Status Sunia ry

Projected . Estimated . Projected

7 Phasé [ Veh. From Dyno . PH | 4th Gen,
Critéria Objective Test Test Capability Capability
Emissions (Low

Mileage)
HC (MavaM/Mi]e) 0.20 0.58 0.04 0.20 0.20
CO (Max GM/Mite) 1.70 . 2.90 3.01 2.70 1.70
NOx (Max GM/Mile) 0.20 0.56 . 0.38 - 3.35 0.20 -
Fuel Econony 15.7 12.6 14.4 15,4 20.6
(MPG-M/H)
Performance 12.7 —16.0 14.0 12.7
(0-60 mph Time,
sec. )
Noise Level (SAE __ 70 70 70
J986a-DBA)
~Warm-up Time (key  15.0 : 24.0 24.0
on to Driveaway .. -
sec, )
Driveabi]ity 6.0 6.0 6.0
(Jury Rating)
Curb Weight 50 - 106 : 8 0
(Max 1bs, over
Baseline).
Raté (% Loss Per
Yr.)




Table 3-4

Major Technical Problems Encountered
and Resolved on Philips-Ford Program
{Reference 77 aq)

* Swashplate surface galling,

* Drive system noise due to non-concentric crossheads.
* Regenerator end-plate bending.

* Crankcase failure. |

* Engine out of balance.

* Piston attachment failure.

* Insufficient exhaust gas recirculation.

* Unstable air/fuel contrei system,

* Power control contamination.

Table 3-5

Problems Encounteréd Yet To Be Resolved
on Philips-Ford Program
(Reference. 77 aq)

* Roll sock seal system failire.

* Preheater leakage.

* Preheater binding.

* Fuel burning on preheater core.
Heaterhead temperature distribution.
* Excessive warm-up time.

Insufficient burner air suppiy.

* Power control instability.

Heater head cracking.
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of the 4-215 engine to be used for smaller cars which will

parameters. Other dimensions 1ike the number and size of
the number and size of the cooler tubes, piston diameter,

be more common in
the future. Figure 3-6 shows a section of this engine and gives some pertinent

the heater head tubes,
regenerator wire -

" diameters, etc., were also chosen. Many cases were evaluated to select an

optimum design. The calculated performance of this optimum design.is shown

in Figure 3-7. Note that although the design point is at

5,400 rpm the best

torque and efficiency is at 2,000 rpm. Note that the torque is exactly
proportional to mean pressure. This engine performance map is used along with
the characteristics of the vehicle and the requirements of the particular
driving cycle to compute the vehicle performance characteristics 1like fuel

economy, rate of acceleration, etc.

A new engine must usually fit into the enginé compartment of the existing
vehicle. Figure 3-+8 shows the result of a cesign study by Ford on how the

4-98 engine would fit-in a 1976 Pinto. This engine in th

{s arrangement required

that the car be lengthenad 3.2 inches to accomodate it. Therefore, a front

whee] drive arrangement was studied. Figure 3-9 shows th
fits well under thé hood and permits a shorter front. end
conventionally powered 1976 Pinto.. The accessory drive a

at this way the engine
overhang than the
rrangement is somewhat

more complex, however, due to the fact that neither the fan nor the preheater

drive shaft is parallel to the enginé crank axis.

3.2 United Stirling Engines (77 i, 77 j, 77 al, 77 am)

KB United Stirling (Sweden) AB & Co., was organized

and development company jointly owned by Kockums and FFV.

in 1968 as a research
Kockums is a

pubiicly owned company having its main business in shipbuilding and Tumber
industry. FrV is a governfient-owned industrial group. United Stirling is a

licensee of NV Philips Company. United Stivrling started

by building rhombic

drive machinés. They then started on Rinia arrangement machines but_have not

used the swashplate of Philips but have used more nearly

have developed their own mechanical seal.

3.2.1 Application Plan

conventional crank

drives. They also do not now use the roll-sock seal that Philips employs but

United Stirling is planning a product line of 3 enginés (See Table 3-6).

A1l three engines are intended to be availablé as direct
as well as heat pipe heated versions.

flame heated versions .

United Stirling has evaluated the market for Stirling éngines. They feel
that the market will be penetrated starting from the upper left hand corner of
Figure 3-10 and proceeding throlgh the applications in "waves of attack". Note

that in this plan Taxis and Cars would be the last appli
large amount cf assistanceé is forthcoming from DOE based

cation. However, if a
“upon application of

thé United Stirling éngine to cars, this segment of the market will obviously

receive early attention.

United Stirling publications indicate that field testing of preproduction

prototypes will start in 1979 with miné vehicles in a Swedish iron ore Minge—

Figure 3-11 shows how their P-150 engine will occupy essentially the samé
space as the Diesel engine it replaces. United Stirling plans to give high

priority to total energy systems which use 40-140 KW Sti
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4-98 84 H.P. ENGINE

¢ LENGTH — 25.5 INCHES
s WIDTH (MAX) -- 20.6 INCHES
¢ HEIGHT (MAX) — 23.0 INCHES
® WEIGHT (LBS)— 374
¢ DISPLACEMENT
(PER CYLINDER)— 98 iC
¢ DESIGN . SPEED — 5400 RPM
(MAX)

MAJOR CYCLE & COMPONENT DESIGN

'PARAMETERS FOR THE

"CYCLE _PARAMETERS

+ MAX MEAN PRESSURE — 200
'WORKING GAS — HYDROGEN

MAX. ENGINE SPEED — 5400

1]
, & & ©& @

COMPONENT PARAMETERS _

'HEATER INSIDE WALL TEMP.
COOLER INSIDE WALL TEMP.

4-98 STIRLING ENGINE ™~

ATM

— 1023 K (1382 P)
— 353 K (176 F)
RPM

e NUMBER OF CYLINDERS —4

o SWASHPLATE ANGLE — 18
e SWEPT VOLUME/CYLINDER --

98 CM> _

o VOLUMETRIC RATIO OF EXPANSION — COMPRESSION—! 10

o REGENERATOR FILLING FACTOR — 38%

Figure 3.6, Thé 4-98 Engi

né Partial Description
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Figure 3-8. Packaging of the Ford 4-98 enginé in a 1976 Pinto, Rear Wheel Drive.
1) Basic Engine, 2) Blower, 3) Radiator and Fan, 4) Air Conditioning
Compressor/Optional, 5) Alternator, 6) Water Pump, 7) Power Steering
Puip, 8) Hydrogen Storage Bottle, 9) Starter/Blower Motor, 10) -
Exhaust System, 11) Steering System, 12) Air Cleaner, 13) Air
Atomizing Compressor.
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Table 3-6 Performance Targets for United

Figure 3-9. Packaging of the Ford 4-98 Engine in a 1976 Pinto,.Front Wheel

Stirling Product Line

Engine Number - P40

Power 40 KW
RPM 4000
Numbér of cyl. 4

Max efficiency
(installéd in vehicles)

Weight
(with auxiliaries)

35%
180 kg

P75
75 KW

2400
4

KY R
350 kg

T
P

T7
}Alq 3
Tl Aa

h e €2 Tl

P150 |
150 KN o
2400 e

37%
650 kg
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Figure 3-10. United Stirling Application Plan.

electric generators and heat pumps, These.would be used in shop
apartment houses. Unit&d.Stirling.expects to realize a 459 fuel
to a conventiona} furnace,

After this, Unit
city bus. Traffic authorities in many metropolitan areas are rep
in Obtaining engines for testing as soon as possible, United Sti
would allow this to happen in 1979, At present, United Stirling
engines of the y type on test in ]

They have their V4X35 experi-
mental engine installed in a Ford Taunus..station wagon for the purpose of testing
engine control. -

ping centers or
saving compared

3.2.2 Engine Design

United Stirling's production en
3-12. The P-40 and P-75 will have two cranks on each of two crankshafts geared
to a common drive shaft. The P-150 will be two P-

75's combined into one block.
The four connecting rods drive the four double-actinq pistons thro
to take the side thrust. An oi ]

gines are now expected to look like Figure

it i
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The United Stirling Rod Seal.
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352.25]» Sea]s

The seal for this éngine i§ presérited in Figure 3=13. United Stirling
reports that this seal has been tested for sevéral thcusand hours in Lomponent
and in engine tést rigs and has gradually been developed to its present satis-
The three eléments of the seal are:

factory state.

1.

The top seal element. This seal is dry. The shaft
passing through the seal has not.been wet with oil.

The seal seals between a varying engine pressure and

the minimum eng1ne pressure below the seal. This minimum
cycle pressure is maintained by a check valve that also
brings leaking working gas back into the cycle.

The scraper ring. This element removés the excess
Tubricating oil from the piston rod. 0il scraped away
drains to an 0il-gas séparator and thence back to the
crankcase.

The Hydrogen seal. This element maintains theé pressure
difference between minimum cycie pressure of the working
gas and atmospheric pressuve air and lubricating oil in
the crank case.
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Figure 3-14,

United Stirlingulhyo]q;eqHeagEr.

Nothing is said about the piston seal$ but they
piston rings since these have worked well for others
Tiner is cast iron.

3.2.2.2 Gas Cooler

The gas cooler consists of many Small tubes
The regenerator is a porous mass probably also th
These parts have to tiransfer the heat with Tittle

volume. An optimum deSign is very important to en
cost.

particularly when the piston

the sarie as the Philips engines.

€ samé as in the Philips engine.
flow friction and 1ittle dead

giné performance as well - as

3.2.2.3 Gas_Heater

The gas heater to be used on United Stirling production engines is of
the involute type (See Figure 3-12 and 3-14). Each of the V tubes in the
ring is the same. Its inner leg-is bare and straight up. Its outer leg is
finned, slanted and curved SO that the tubes maintain ah even spacina. This

gas heater was éonsidered the best by USS from the standpoint of performance
and production cost.
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Airflow in a Stirling engine. Temp (C°)

Figure 3-15. United Stirling Burner and Air Preheater.

3.2.2.4 Burner and Air Preheater

The burner and air preheater is different than thé Philips engine
previously described. This air préheater is the counterflow type ?See
Figure 3-15). This substitution eliminates the machinery needed to rotate
thé reversing flow matrix and seal the matrix as it rotates as done in the
Ford-Philips design. On the othér hand, it is difficult to pack in as much
surface aréa for heat transfer in thé limited space availabie using the
counter flow heat exchanger. No real information is yet available on the..
United Stirling air preheater. v

, The burner burns atomized fuel with swirling preheated aiv. Possibly
sécondary air is added. Figure 3.15 shows that the hot gases from the burner
enter the gas heater at 2,000 C and leave at 750 C. This exhaust leaves the
air preheater at 190 C. This drop from 750 C to 190 C raises incoming
combustion air froi 50 C to 680 C.

This burner systein can get thé engine started rapidly from a cold start.
Figure 3-16 shows liow this is done. "The heater tubes in a Stirling endine
must be heated up before the startér motor is engaged. The burner blower,
normally driven by the engine, is driven by a separate electric motor during
the heating-up period. When the heater tube teiperature has reached 400-
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Engine _ - ,
speed . Starter Heater tube
rp engaged temperature
K T %
1000 -
750 ‘/L,\Iw‘ Idle speed-
500 1 . ~1000
Tube temperature
250 1 - 500
O . T — T ’i i‘ >l“ —4 0
0 10 20 30 40 50 _60
Time sec .

Figure 3-16. Cold Starting Sequence for the United Stirling V4X35 Engineh

300 C, the starter is engaged. According to Figure 3-16, after 12 seconds

of heating-up, the starter is engaged for-about 2 seconds. The engine now

runs at idle speed and a driver would have been able. to drive away. After

and additional 30 seconds the heater temperature has-reached its normal level

and. the engine can deliver -full power. This start represents 20 C ambient

temperature. Tests at =32 C have been made with a slight increase in cranking

time due to higher hydrodyriamic losses in the drive mechanism." (77 1). '
The burner systein must supply heat rapidly as is séen, but it also must

not overhéat the working gas heater. A control system to-do this is shown

in. Figure 3-17. - An explanation from reference 77 i is given below.

With varying demand for heat in the working cyéle
of the engine, the air/fuel flow is controlled in
such a way that heater temperature is kept constant.
Thus the air/fuel control is indirectly governed by
the power control. In addition the air/fuel ratio is
controlled with regard to emissions. Figure 3-17 shows
a system, where a Bosch K-Jetronic unit i$ used.

_The temperature of the heater tubé is measured by
a thermocouplé 1. The signal of the thermocouple 1is
anplified and converted in the eléctronic control
unit 2 to a signal coriirol1ing the position of the
air throttlé 3. Thus the right amount of air is
delivered to the combuster via the burner air blower
4. In a slightly modified Bosch K-Jetronic unit
a sensor-plate 6 installed inside a conical air
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Bosch K-Jetronic unit
1 Therfocouple 6 Serisor plate
2 Electronié control uhit 7 Fuel purp
3 Aif throttle 8 Riter
4 Bumér aif blower . 9 Relief valve
5 Fuel tank 10 Plunger

11 Differential pressure vaive
12 Préssure fegulating valve

Figure 3-17. Temperature and Air-Fuel Control.

passage proyides a position indication of air flow
rate.

~ The fuel from the tank 5 passes an electric pump

7 and a filter 8, The fuel pressure is héld ¢constant
by a relief valve 9. - The position of the sénsor plate
controls via a plunger 10 thé amount by which a fuel
metering port is opened.

The differential pressure across the metering port
is maintained at a constant value by a valve 11 so
that the fuel flow to the atomizer depends upon the
amount ‘the port is opened only.

The air/fuel ratio depends upon the hydrauiic
counter pressure controlled.by a pressure regulating._
valve 12. Adjustient of the ratio over the load
range can be achieved by a-médification of the shape
of the conical air passage.

3.2.2.5 Powér Control

Power control of the engine is now doné by changing the average gas
pressure in the engine. This is the same way Philips does it although United
Stirling had used dead volume control on their enginé they put into a Pinto
for Ford. United Stirling uses oné hydrogén.das compréssor operating as an
auxiliary, and Philips uses two pistons on each of the four power pistons

as part of an internal gas compressor. Otherwise the process is very similar. .

Quoting again from reference 77 1:
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Figure 3-18. Simplified Diagram of‘the Pngr anFPO}—st?gﬂr

Hydrogen storage vessel
Hydrogen compressor.
Controt valve
Compressor short . circuiting valve

HWN
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A simplified diagram of the power control system is
shown in Figure 3-18. Main parts of the system are hydrogen .
storage vessel, hydrogen compressor, control valve block
and a servo-system (not shown) which contrd1s the position
of the control valve. ’ 4

To increase power, the control valve slide in Figure-
3-18 1is movéd to the right. Thereby hydrogen flows from
the high pressure storage vessel via the control valve
to a timed supply system built into the éngine. This
timed supply system mainly Suppliés hydrogen into the
cylinders whén the cycle pressure is near its maximum
valué. A gas flow into the cylinders without the timed
supply syStem results in an undesirable torque drop during
increase of pressure. «

_ To décreasé power the slide is moved to the left,
During the first part of the movenient dumping of hydrogen
from the éngine via the compressor to the storage véssel
lowers the power output. At the sécond part short cir-
cuiting of hydrogen between the cylinders is added, thus
giving a quick decrease of power. . .

The 1ink between accelerator pedal and control valve
is a sérvosystem which for different accelerator levels
moves the control valve slide in such a way that an
engine pressure corresponding to desired power output
will be reached and maintained.

Low id1ing speed is maintained by control of
appropriate working pressure, using a speed sensor and
the short circuiting valve. o

The hydrogen compréssor.is..an.oil-free, single
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Figure 3-20. Cross Sectio

—at 2400 rpm.
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3.2.3 Engine Pérformancev

, ana]ly;seme performance measuréments,haVe been publishﬂdkar t
sO sometimes caljed the P75 engine since it is hal
P150V8 engine.{ Figure 3-20 shows a Cross section of th

engine which is a1

pressure levels, Note that the calculated and measured
The maximum efficiengy is 32%-at 7 C bOOJing watér,

ture is 30 C then a 0.8 m2

used as a marine engine, efficiency increases to 36% at 20 ¢ cooli

3.3.1 History

he P150v4
f the

is engine and Figure

a cooperative effopt with N.V. Philips in 1958,
te that "The Allison Division, the E]ectﬁg-Mbtive

Division and the Research Laboratories have operated fyi1 :

from GM.  From aboyt 1960 to about 1956 gy Reséarch conducted g prog

500 hours," (g5 t). Eventually,

re, reportedly, of $13 million
ram for the

?.S.) My to produce a silént electric power source. This Ground Power Unit -
GPU y ' ‘ .
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Figure 3-21. P150 V4 Engine Module with Auxiliaries.
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3.3.2 NASA-Leéwis Testing

Two of the last model GPU-3 were Preserved and are now being used by NASA-
Lewis to obtain reliable measurements of a more or less modern type of Stirling
engine.. The first report on this effort (77 av) indicates that the machine is
almost ready for detailed testing. Figure 3-23 shows the GPU-2. Tests have

by the Army in their acceptance testing (See Figure 3-24).
output falls short of that originally obtained by the Army (See Figure 3-25).
The difference is suspected to be due to excessive leakage of gas past the power
piston. This leak is being fixed and with minor repairs and additional instru-
mentation it will soon be ready for detailed testing (as of December 1977).

Wk

)
. 324
e

* Y ‘.:‘7;
"‘F-".'):’.&'-' F YR ﬁ_,

Figure 3-23. The General Motors GPU-3-2 Stirling Electric Ground Power Unit

for Near Silent Operation (ref. 68 p). Picture Courtesy General
Motors Research,
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chown that the brake specific fuel consumption is about the same as that obtained
However, the engine.
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Figure 3-24. Measured Specific Fuel Consumption for the GPUY-3 Engine.
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Figure 3-25. Measured Engine Horsepower for the GPU-3.
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3.3.3 Engine Measurements (?7 bd)

Pre§ent1y available physical characteristics of the GPU are given in Table 3-7.
Volume displacement tests at LeRC indicate that max. gas volume exceeds calculated

volume by about 20 percent.

Table 3-8 gives the test points that NASA-Lewis intends

to use to compare with various analytical models.
sured by thermocouples in the working gas stream half way through the gas heater.
It is considered to be a gas temperature rather than-a metal temperature.
there is no good way of measuring the cooler metal temperature and the inlet water
temperature is as close as they can get.
will be provided in an addendum to and/or a second.edition of this manual along with

updated engine dimensions.

3.4 FFV Engine

The heater temperature is mea-
Note that

The experimental data, when available,

FFV is a Swedish government owned industrial group which is 50% owner of
United Stirling. Théy have produced an engine to power an auxiliary electric
power unit for commercial and military applications.
generators are built and are being demonstrated.
in the United States by Stirling Power Systems of Ann- Arbor, Michigan.
company is owned by FFV (80.5%) and Thetford Co., (19.5%), a recreational vohicle
equipment supply firm of Ann Arbor, Michigan.
machine will be in late 1978, and the engine generator is planned to be feor sala

to the general public in 1979.

ECCENTRICITY
(0.813 in)

CRANK RADINS
(0.55 in)

A number of these engine-
The engine will be marketed

The first technical paper on this

SPONER PISTON YONE

CONNECTING
ROD LENGTH
(17812 in)

DISPLACER YONL

Figure 3-30. Rhombic Drive Schematic.
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Table 3-7 GPU 3-2 Engine Dimensions and Parameters
(See Figure 3-26 for Overall Engine Schematic)

Mo, of Cylinders
Type

Drive

Working Fluid
Design Speed
Design Pressure..
Design Qutput
Design Efficiency
Bore

Stroke
Displacement

Cooler (See Figure 3-29)

Tube Length

Heat Transfer Length _
Tube I.D.

Tube 0.D.

No of Tubes/Cylinder
Design Water Flow
Design Water Inlet Temp.

Heatenr
Tube Length

Heat Transfer Length

Tube I.D.

Tube 0.D.

No. of tubes/cylinder
Design inside wall temp.

completed in time.

k%

1
Displacer
Rhombic

H2

3000 RPM
1000 PSIA
8.0 Net Brake HP
26.5%

2.75 in.
1.208 in.
7.175 in.3

OLD NEW COOLERS*
1.76 in 1.813

1.37 in 1.408
0.040 in .0425
0.060 in .0625

312 (or 39 tubes/regenerator)
]égOEPM/Cylinder

9.539 in., =——— '1.321 in. (completely insulated)
between 1 and. 2 **.

6.12 in, 3.06 in. from 2 up to 3
3.06 in. from 3 down to 2
2.098 in. (completely insulated)
from 2 down to 4

119 9in.

.19 in.

40 (or 5 tubes/regenerator)

1400°F

New coolers will be used in the baseline tcsts provided they are

See heater tubes in Figure 3-27 for definition of locations 1 =4
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Cold End Connecting Ducis (See Figure 3-27)

Length .625 in. plus .0170 in.3~
Duct I.D. .235 1in. in cooler end cap.
No. of ducts/cylinder 8

Regenerators

(See Figure 3-28) .

l 2ngth (inside) 0.89. in.
Diameter (inside) 0.89 1in.

No. per cylinder

Material

8

304 Stainless Steel Wire Cloth
(308 Layers of 213 x 213 wires/inch X. 0016 in.
diameter mesh)

Filler Factor 28.6
Drive (See Figure 3-30)
Connecting Rod Length . 1.812 in.
Crank - Radius . 0.55 in.
Eccentricity 0.813 in.
Miscellaneous
Displacer rod diameter 0.375 in.
Piston rod diameter 0.875 iin. v
Piston diame*er 2.740 in. buffer side, 2.748 in.: comp. side
Displacer diameter 2.749 in. ‘ 3
Expansion Space Clearance Volume 0.252-1n..*
Compression Space Clearance Volume 0.353 in.3
Buffer Space Minimum Volume . 17.0 in.3
Transfer Ring Dead Volume 0.405 in.3
Dead Volume Due to Drill Holes
at top of Engines Cylinder , 0.099 in.3
* This.is total volume of cold end connecting ducts. No clearance
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volume is” assumed between the displacér and the power piston.
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Table 3-8
Test Points for GPU-3 for
Comparison to Various Analytical Models

Working Fluid: H

2
Test Engine - Mean Heater Cooler Cooler
Point Speed Pressure - - Temp. ** Temp.* Water
(rpm) (psi) (F? (F Flow
(GPM)
1 1500 300 1300 . 70 6
2 2000 300 1300- 70 6
3 2500 300 .. 1300 70 — 6.
4 3000 300 1300 70 6
Working Fluid: He
Test cngine Mean Heater Cooler Cooler
Point Speed . Pressure Temp. ** Temp.™ Water
(rpm) . (psi) (F) (Fg Flow
(GPM)
5 3000 600 1300 70 .. 6 .
6 1500 600 1300 70 6.
f A 3000 400 1300 - 70 6
8 1500 400 1300 70 6
* Cooling Water Inlet.Temp. - Is Not Controlled - Will Be At
~ Ambient Tenp.

** Temperature of the working gas stream at Point § in Figure 3-27.
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SEE FIGURE 3.27 FOR
DETAILS OF THIS
PART OF ENGINE
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Figure 3-26. Schématic of Single Cylinder Stirling Engine with Rhombic Drive.
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Figure 3-28. Schematic Showing Dimensions Needed for-Calculating Heat
: Conduction. (Black Dots on Regenerator and Cylinder Indicate
Where Temperatures will be Measured.)
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which approximates this cycle (73 p). The early machines built by John
Ericsson used valving to attain constant pressure heating and cooling (59 c)y
thus. the cycle name.

The thermodynamic definition of the Otto cycle is adiabatic compression and.
expansion and constant volume heating and cooling, 1, 2", 3, 4", 1 in Figure
4-1, The reason this cycle is mentioned {s that the variable volume spaces in
a Stirling engine are usually of such size that their compression and expansion
is essentially adiabatic since little neat can be transferred to the walls
during the process of compression or expansion. An internal combustion engine
approximates the Otto cycle. In real Stirling machines, a large portion of the
gas is in the dead volume which is compressed nearly isothermally so the loss
of work per cycle is not as great as shown.

{\

2! 1,2,3,4  STIRLING
1,2',3,4' ERICSSON .
152“93a4" OTTO

PRESSURE

TOTAL VOLUME
Figuré 4-1. Theoretical Stirling, Ericsson and Otto Cycles.

In Section 4-1, discrete processes of compréssion, heating, expansicn and
cooling will always be employed. Numerical examples will be used to make

the processes clearer. The section starts with the simplest casé and proceeds
through some of thé more complicated cases. The conclusions froii this section
carry over into the next section where the volume of_the variable volume spaces
change sinusoidally..
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=
)

= universal gas constant
= 8.134 Joule/k (g mol)
= cold side temperature, K

—_
]

Thus

(1 MPa) (100 cm3)
n

n (8.314)(300)
0.4009 g mol

Therefore, the formula for work normally given in text books is

2
-

W=rRT In{c=] = .693.14 Joules (4-3
c Vi

This quantity is also the negative of heat of the compression of the gas or
the heat removed from the cycle.

900 K. Assume for the moment that the regenerator that supplies this heat has
no dead volume and is 100% effective. The heat that must be supplied to the
gas by the regenerator matrix is:

q(r) = nCV (TH = TC)

(4-4

where
C, = Heat capacity of hydrogen at constant volume,

J/K (g mo1)
21.030 at 600 K. average temperature

0.4009 (21.030)(900-300)
5059 Joules

Therefore q(r)

Note that the heat transfer required in the regenerator is 7.3 times more than
the heat rejected_as the gas is compressed.

The pressure at state 3 after all gas has attained 900 K is:
P ART,/V,

0.4009 (8.314)(900) /50

60 MPa

"

- Isothermal expansion of the gas from state 3 to state 4 (Figure 4-1) s governed
by the safe laws as the compression,
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~possible,
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) Vi
w(out) = nRTH 1n v
= ,4009 (8.314)(900) In lgg- = 2079.4 Joules

This quantity is also the heat input to

the engine. The expansion: line is
easily plotted when it is noted-that PV e

(60 MPa) (50 cm3)
3000.0 -Joules

n

Finally the return of the expanded gas from state 4 to state 1] back through
the regenerator finishes the cycle.. The same formula applies as for heating.

ar) = n ¢, (1, -1,)

.4009 (2].030)(900-300) Jouties
5059 Joules

The net work generated per cycle is

w(net)

w(in) + wlout) = -693.14 « 2079.4
1386.3 Joules

The efficiency of the cycle therefore is

= winet) _ 1386.3 .
n‘q‘&Ta—l " 20790 = 0.6667 -

In .general the efficiency is

v, v
ot 1
= w(in) + w(out) - n RTc In vy * PRT, In Vs, (4-5
n " q(in)

Vi
nRTH In A
-1
- _H ¢ - 900 - 300 _
n= TH = 900 - 006667

This efficiency formula is recognized as the Carnot efficiency formula.
Therefore, the Timiting efficiency of the Stirling cycle is as high as is

(4-6

4.1.2 Stirling Cycle, Zero Dead Volume,

One of the chief en

Imperfect Regenerator

gine inefficiencies is the regenerator. Consider an annular

) vlacer which acts as gas heater, regenerator and cooler.
(Seé Figure 4-3) Assume that this engine operates in a stepwise manner and

that this annular gap has negligible dead volume. Let E be the regenerator
effectiveness during the transfer. For the- transfer from cold space to hot
space:___
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Figure 4-3.

Simple Stirling Engine with Annular Gap Regenerator.

T

R ~ Tcn
T

H ™ Tc

E =

Now during transfer the heat from the regenerator is:

q(r) = nCV (TR = TC)

and the heat from the gas heater is:

q(b)

nCv (TH - TR)

Therefore, the efficiency bacomes:
Vi Vi
H In -v—z- - nRTan v-z-

n = V
1
nRT, 1"“V§~ +nC, (Ty - TR}

nRT

Which reduces to:
Ty - Te _
¢, (0, - THT-E)
R Vi

In —
V2

T, +

H
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For the numerical example being used here:
n = 900-30" . 600
900 + £1.03u {900-3G0) (1 - E) 900 + 2789.5 (1 -E)
100
8.3]—4 In 'TO-

Figure 4-4 shows- how the engine efficiency is affected by regenerator effective-
ness for this numerical example, Some of the early Stirling engines worked

with the regenerator removed. Figure 4-4 shows that at low regenerator
effectiveness the efficiency is still reascnable. How close it pays to approach
1007 effectiveness depends on a trade-off which will be discussed under Section
4.3,
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REGENERATOR EFFECTIVENESS

Figure 4-4,

Effect of Regenerator Effectiveness on Efficiency.

s et

Rallis (77 ay) has worked out a generalized cycle analysis in which the compres -
sion and expansion is isothermal but the heati

1
ng and cooling can be at constant ‘
volume or at constant pressure or a combination. The heating process does not
need to be the same as the cooling process. He as

i
sumes no dead volume, byt |
allows for imperfect regeneration.

For a Stirling cycle he derives the tormula: .
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(y ~1){t=1)1Inv

NE -t -1) faly - 1) In v
where

n = cycle efficiency

y = Cp/Cv

© = T/Te

v=V /N,

e.=E

Equations 4-12 and 4-11 are the same, just different nomenclature. Note that
for ¢ = E = 1 both Equation 4-11 and 4-12 reduce to .the Carnot equation,
Equation 4-6. .

Rallis (77 ay) also derived a formula for the Ericsson cycle efficiency:

- (y =1t -1} Inv
I P [ o e o D P (413

Equation 4-13 also reduces to Equation 4-6 when ¢ = 1, that is for perfect
regeneration. To attain Carnot efficiency, the compression and expansion

ratio must be the same. Rallis shows this using cycles which will not be

treated here.

Rallis also gives a useful formula for the net work per cycie for the
Stirling cycle: .

W vt =1) Inv .
T S (R Ve (4-14

For instance, for the numerical example being used here:

(50.cc)(10 MPa) 2 (3-1) 1n 2/(2-1)
1386.3 Joules

W

which is the same as obtained previously.

4.1.3 0Otto Cycle, Zero Dead Volume, Perfect or Imperfect Regenération

The variable volume spaces in Stirling engines are usually shaped so that there
is little heat transfer possible between the gas and the walls during the time
the gas is expanded or compressi i, Analyses have been made by Rallis (77 az)
and also by Martini (69 a) which assume adiabatic compréssion and-expansion
with the starting points beiny ihe same as for the Stirling cycle. For instance
for the numerical example in Figure 4-2, compression goes from 1 to 2" instead
of from 1 to 2. Expansion goes from 3 to 4" instéad
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of from 3 to 4. It appears that considerable area and therefore work per
cycle is lost.

However, this process is not correct because the Pressure at point 3 ig not
the same as for the isothermal case, For the numericaj examp ‘
sion to point 2" the Pressure of the gas is 26.3

is 396 K. As this gas movés into the h

e hot space the pressure rises..
rise results 1 a temperature increase 1in the gas

Therefore, at :he end of the transfer p
in the hot Space will be higher than 900 K. Point.3 is calculated for al] the
gas to be exactly 900 K. Adiabatic expansion then takes place. Then by the
Same process as justndescribed, the transfer of the expanded gas back into the
cold space results in a lower gas temperature than 300 K at the end of this

' . ' : ried. through for a few cycles
. _ ely enough. One way of computing this
Process will be described in Section 4.1.5 when the effect of dead volume. will

rocess the mixed'mean gas temperature

4.1.4 Stirling Cycle, Variable Dead Volume, Perfect

due to adiabatic compression.

or_Imperfect Regeneration

An inefficient regenerator backed up-by an adequate gas heater and
i he w

will not change t ork realized per cycle but will increase the h
Per cycle. It will now be shown that addition o

Present in any real engine decreases the work available per cycle.

Assume that the annulus between displacer and cylinder wall
has a dead volume of 50 cm3, that the temperatuyre gradient from one end of
the displacer to the other is uniform and ‘ i

constant. The gas contained i

gas cooler

eat required
f dead volume which must be -

x=X
. o= P dv -
n = R /}:; (4-15
o =O
where -
v = total volume of annulus "

dv. = Adx = differential volume of the annulus

A = flow area of annulus

x = distance along annulys

x =

total length of annulus
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Y=

Bywsubstituting and integrating one obtains:
PV ln'(TH/Tc)
RA(Ty = T.)

Thus the effective gas temperature of the regenerator déad volume is

Tp= (T, - IC)/ln(TH/Tc)

which. is the 1og mean temperature, Thus for the numerical example:

T, = \900960300 = 546.1 K
"o
- | - T Te 900 s 300
Quite often it is assumed-that T, = -H.___¢ T = 600 K.
R z i

For the large dead volumes which wil] a

_ lmost always result, it.is important to
have the right 9as temperatures for the

regenerator and heat exchangers,

be sized on the basis of creep. The time averaged pressure would be more
appropriate, Thus, the above assumption, The gas inventory now is:

=30 Moo 50
" 5Im l_m*s‘m“,”
_=70.7313 g mo1,

The equation_for the gas expansion is;

p=-nR_ (0.73132(8.3142

P = mﬁ where A= 54/’2. B = 82.4

ne 2 |, %
R TH TR (4-19

R Y, s (4-20
T T;‘ 900 * 35T
A

(4-16

(4-17

(4-18

e
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The work output by expanding from ¥,y = 50 em® to Vo = 100 cm?

isy Vv V.
L

H2
= : H
Wiout) =] P AV, =
(out) fv H [ V 8 (4-21

H1
Vi

Al

5472 In 100 : 82 4

1753 Joules

The equation for gas compression is

p o NR Q 7313)(8.314)
VC + VR C + 50
T T 300 . 546.1
c R
- vc°+ 5+ where C = 1824.02, D = 27.4
Analogously the work of c%?pression is
+
w(in) = C Tn (—2—
Veyt D,
= 1824.02 1n (20t 27.4
100 + 27.4

- 908.37 Joules

Theréfore the nét work is

w(net) = w(out) + w(in).

1753.08 - 908.37 = 844.71 Joules
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Figure 4.5 shows how dead volume as 9 of maximum total gas volume effects the
work per cycle. For more generality the work per cycle is expressed as a %
of the work per cycle at zero dead volume. Note that the relationship is
almost linear. This curve differs from that published by Martini (77 h) in
that in Figure 4-5 the pressure at the end of the expansion stroke was made
In the previous Figure 2 of reference.77 h,

the minimum pressure was made the same. This caused the average pressure to
decrease more rapidly as dead volume increased. Figure 4-5 is more truly
representative of the effect of dead _volume on work per cycle.

100 — — — - .

EXAMPLE PRESENTED

WORK PER CYCLE, % OF ZERO DEAD VOLUME CASE

- |
|
40} | |
|
|
| :
l
I
0 | | | | |
0 20 60 80 100

. 40 ’
DEAD VOLUME, % OF TOTAL MAXIMUM VOLUME

Effect of Dead Volume on Work Per Cycle for Isothermal Spaces

and Constant Average Pressure.
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4.1.5 Combined Stirling and Otto Cycle Variable Dead Volume, Perfect or
mperfect Regeneration

If the hot and cold spaces of the Stirling engine are free of heat exchange
surface as they usually are, then compression and expansion in these spaces ‘Y
takes place essentially adiabatically. Assume that the heat exchangers and . ]‘
regenerator are placed.as shown in Figure 4-3 so that gas entering the hot R
spacé is at hot space temperature. Assume further that: 1) the gas in the
heater is at heat source temperature, 2) the gas in the cooler is at heat sink
temperature and the gas in the regenerator is at the 127 mean temperature (o
between these two, Assume that the dead volume is distributed as follows: o

heater 10 cm3

regenerator 30 cm?

cooler 1@ cm3 - RS
Total 50 cm’ SR

Assume as before that the cold space is compressed from 100 cm3 to 30 cm3 while ;
the hot space is zero, Transfer takes place to the hot space with the total i 1
volume held at 100 cm3. Expansion takes place.in the hot space. from 50 to. I
100 cm?. Finally, transfer occurs back to the cold space with the total volume -
held at 150 cm3. We will now follow through this cycle and keep track of :
pressures. Using a gas inventory of 0.7313 g mo!, as before, the initial Lo

common pressure is: . - A{T“ﬁ

P = nR X 4 22 -
1 Vg . i R Vo R Y£.+ ¥Q§ (4-
Ts T TR ¢ 'cs
assume:
P = 0.7313 (8.314)10 5
y 0., 0 . 30 | . |
500 * 500 * 5467 ' 300 T 300
Therefore_____

Pl = 14,051 MPa
Now let Veg 90 from 100 to 50 cc, V; from 150 to 100 cc.

During the compression stroke the gas in the cold space is compressed adia-
batically and the gas in the heater, regenerator and cooler is compressed
isothermally. Thus:

0.7313(8.314) (4-23

P, =
e 0 . J0o .3, 10, 50 ]
500 * 500 * 5AE.Y T 300 " Teg |

Also the adiabatic compression law applies to_the cold space. 1
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where k & 1,40 = CP/Cv for hydrogen. These two equations in two unknowns are
solved, Equation 4-24 is solved for TCS and substituted in Equation 4-23. Then
Pz, is determined by a secant method of approximation using a programmable.
calculator. Thus:

Teg = 354.92 K, P, = 25.31 MPa - R

From state 2 to 3 (see Figure 4-2) gas is transferred at no change in overall
volume. . The gas from the cold space is cooled down t6 300 K as it.enters the
heat exchanger. It heats to 900 K in the regenerator and gas heater and enters
the hot space at 900 K. As elements of gas enter the hot space, pressure in-
creases. This pressure-increase causes the fir:.t elements to atta1n a tempera-

ture higher than the heat source temperature.

Assume that the gas in the hot

space is thoroughly mixed at each stage.
enough to define the process.

onngamJ

Assume that 5 steps are accurate -
This will_be checked later.

By the gas law:

s00f P2.2)
(28]
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P = — N ,
2.2 10, 0. 3% 10, 40 (4-25
Tis2.2 990 300 * Tesp o
. 6.08003 -
0 4+ 0.09938 + =
Tus2.2 Tes2.2
also by the adiabatic compression law
T p. \0.286 ) 5 0.286 (4-26
'cs2.2 _ (2.2 1. - 380,92 ( 2:2_
Tes2.0 \P2.0/ , 522 5.3
T = 900 P2.2 )
HS2.2 35,37
combining ,
- | 6.08003
22 Sy + 009938 + L

354.92 ( P2.2
25‘.3'
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Solving as before:

PZ.Z = 27.62 MPa THSZ.Z = 922.73 K TCSZ.Z =.363.88 K

Then during thé next increment the next 10 cc starts into the hot space at
900 K and the first 10 cc continues on from 922.73 K. Thus:

) Py s - o 6:08003_ o
2. ——m * 4+ 0.09938
922.73( P2.4 ,0' 000 [ P2.a) 2
37,62 27.62
30 ,,
* . 0.286
363.88 ( F2.4
3762 N

. - e ’ -
P2.4 = 30.23 THSZ.4 - 947106 K. TH52.4 923}73 K

Tc52.4 é 373040 K‘

The two parts of gas in the. hot space have different temperaturés. A mean

temperature is found by adding the masses and finding the effective temperature..
Thus:

2 (4-27

L o .20

I3 = THSM2.4 = 935.25 K
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A computer program was written to do the above calculation nearly automatically.
The results are given in Table 4-1. The work diagram for this specific example
is plotted in Figure 4-6. The work diagram is compared with the same engine
cycle and gas inventory only assuming  the hot and cold gas spaces are isothermal
at the heat source and heat 'sink temperature. For 33.3% dead volume -assumed
here the effect of having adiabatic gas spaces instead of isothermal creates

10% more pressure swing but only 2.7% more work per cycle. Current practice

in Stirling engine design is to have about 58% dead volume (see Section 7).
Therefore, the error in assuming isothermal variabla volume spaces instead

of the more realistic adiabatic variable volume spaces would be less than

2.7% when the work per cycle is computed. It is not expected that this conclu-
sion will change when crank Operated engines are considered. Therefore, it is
concluded that figuring the variable volume gas spaces as isothermal at the

heat source and. heat sink temperature will give the right work per cycle within

one.or two percent for practical engines. The isothermal assumption greatly
reduces the labor of computation.

Other formulations are given in the literature for solving the above problem.
Hoffman (77 be) and Rios (69 0, 69 ar) present equations which probably get

to the same end point a different way. The author has not been able to fully
understand and compare their methods with that given above. However, it is
known that the Rios method uses a computer.program working on 720 time incre-
ments per revolution. However this is not mandatory but the effect of reducing
the number is not known. Rios did not actually use such fine divisions.

4.1.6 Conclusions from Cycle Analysis

1. Stirling and Ericsson.cycles have the same limiting efficiency as the well
known Carnot cycle.

2. A good regenerator is needed to attain high efficiency but the cycle has
some efficiency without one. .

3. An inefficient regenerator backed up by an adequaté gas heater and gas

cooler will not affect the work realized per cycle but will add to the
heat required per cycle. .

4. Dead volume has an almost Tinear effect on work available per cycle. That
s, if half the maximum gas volume in the engine is dead volume, about
half the work per cycle would be realized compared to the. saiie displacements
and average pressure with no dead volume, Some dead volume is inescapable.

5. The most correct effective tefipérature for the regenarator is the log mean
temperature,

6. At the usual déad volume ratios used in Stirling engines the error in

computing the work per cycle using isothermal spaces instead of the more
realistic adiabatic spaces.is 1 or 2%.
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Table 4-1

Effect of Adiabatic Spaces on a Discrete
Stirling Cycle with Dead Volume

VHD = 10 cm3, VRD = 30 cihd, VCD = 10 cm?
TH = 900 K, TR = 546.1 K, TC = 300 K

VHL VCL P THS TCS .. . Comment
cm3 cm3. MPa. K kK .

0 100 14,051 900 300 Initial Conditions

0 50 25,31 1064 355 First Compression:
10 40 27.61 923 364

20 30 30.22 936 374 Gas Transfer to
30 20 . 33.21 949 384 Hot Space at

40 10 36.57 962 . 395 AV '= 10 cm3

50 0 - 40.38 975 406

5 45 26.41 9N 359 )

10 40 27.60 917 - 364

15 35 28.86 923 368 Duplicate Gas Trans-
20 30 30.20 929 373 fer to Hot Space
25 25 31.62 935 379 |\ at avV = 5 cm3,

30 20 33.14 942 383 Only 0.3% error in
35 15 34.76 948 388 P by using av =
40 10 36.48 955 394 10 cm3 which is
45 5 38.31 962 399 acceptable,
50 0 40.27 969 405 /
55 0 38.68 951. 400 1
60 0 37.20 936 . 396
65 0 35.81 924 - 392

70 0 34.52 912 388

75 0 33.31 902 384 - Expansion in the
80 0 32.18 893 380 Hot Space aV =
85 0 31.12 885 376 5 cm3, :
90 0 30.11 878 373
95 0 29.17 87 370}
100 0 28,28 865 366
100 0 28,28 865 366
95 5 26.66 851 295
90 10 25.23 838 293
85 15 23.94 825 291 «
80 20 22,78 814 289 Transfer to Cold
75 25 21.73 803 287 - Space AV = 5 cm3,
70 30 20.77 793 286
65 35 19.90 783 284 -
60 40 19.10 . 774 283
585 45 18.36 766 281
50 50 17.68 758 280
45 55 17.06 750 279
40 60 16.47 743 278
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Table 4-1, Page 2
VHL VCL P THS TCS Comment
cm? cmd. MPa K K
- —
35 65 15.93 736 2717
3 .~ . 19 15.42 729 276
25 75 14.95 723 275 )
20 80 14.50 717 274 Transfer to Cold §5F
15 85 14.09 Al 273 Space AV = 5 cm3. :
10 90 13.69 705 272 ek
5. 9% 13.32 700 272 e
100 12.98 695 2N RE
90 14.42 716 279 .
80 16.13 739 288 Compression in 8
70. . 18.21 765 298 Cold Space AV = s
60 20.75 794 310 10 cm?. R
50 23.91 827 323, :
40 26.35 925 332 EE
30 29.15 939 KLY Transfer to Hot !
20 32.49 954 342 Space AV = 10 cm3. 17
10 36.15 970 363 e
0 40.52 98" 375 <— 0.6% error in closure %
0 37.39 949 367 \ of P at this point. N
IR ow E|oias t
0 30.22 884 3%2 ] space &V " 10 cm.
0 28.37 870 339 - 0.3% error in

closure of P at
this point.
satisfactory.
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Figure 4-6. Comparison of Adiabatic.and Isothermal Hot and Cold Gas Spaces
for 33% Dead Volume,
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4.2 First Order Design Methods

In the preceeding section the thermodynamic principles were explained and the
effect of dead volume, regenerator efficiency and adiabatic versys isothermal
variable volurie spaces were discussed using a Stirling engine model in which
the 4 processes of compression, heating, expansion and cooling are entirely
separated..

In almost all Stirling engines the displacer and the power piston or the two
power pistons are moved with a crank. Therefore, the four processes overlap.
The heart of the first order design method is the computition of the output
power when the parts move sinusoidally.. o

There are basically two ways to attack this problem, numerically and analytically.

In the numerical method the hot and cold volumes of the engine under cogsidera-
tion are -computed for a number of times during the cycle - say every 30" of
crank angle. The dead volume is also computed. The effective temperatures of
the hot, cold and dead volume spaces are specified. Also the gas. inventory

is specified. It is assumed that at each crank angle the pressure through-

out the engine is the same. Since the temperature and volume of each gas space
is specified, the common pressure at each crank angle is calculated using the
perfect gas law. The gas pressure is then plotted against the total gas volume
and the area of the closed curve is measured to give work output per cycle.

The maximum and minimum pressures are also noted.

In the analytical method the movement of the machine parts are specified
sinusoidal with a specified phase angle difference between them. In the same
way as in. the numerical method, gas temperatures in. the different parts of the
engine are specified and are assumed to be constant. Then using the me thods
of calculus the pressure-volume diagram for the engine is integrated for the
general case. Gustaf Schmidt (1871 a) was the first to do this and publish
his results. Since then, a number of authors have presented formulas based
upon the Schmidt analysis.

In this section the analysis will be divided into piston-displacer engines and
dual piston engines since some formulas work for one type and some for the
other. Within each subdivision the numerical method will be explained and a
sample problem will be worked out showing the work diagram and an approximation
of the integral. Next the analytical equations will be presented and the same
engines will be calculated using these equations. If the equation is valid

the same numerical result should be obtained. Finally, a survey will be
presented of published comments which relate the Carnot efficiency to the
actual efficiency of real engines and.which relate the indicated power output
to the power calculated by the Schmidt analysis.

4.2.1 Piston - Displacer Engines

4.,2.1.1 Engine Definition

The nomenclature for engine internal volumes and motions is described in
Figure 4-7 and 4-8. The following equations describe the volumes and pressures
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AHD = area of hot face of displacer, cm?, ‘ ;
VHD = hot dead volume, cm”. | ]
STD = stroke of displacer, cm. ]
VRD = regenerator dead volume, cm”. i
VCD = cold dead volume, cm’. . g
ACD = area of cold face of displacer, cm®. T
VPL = power piston live volume, cin”. v
TH = effective hot-gas temperature, K L
TR = effective regenerator gas temperature, K b
TC = effective cold gas temperature, K !
M = engine gas inventory, g mol. )
R = universal gas constant, 8.314 J/g mol1-K :
P = common gas pressure, MPa. ‘i
PHI = crank angle, degrees. i
ALPH = phase angle, degrees. '
!
. i
Figure 4-7. Piston Displacer Engine Nomerclature. i |
P
VHL = AHD(STD) (4-28 C
VCL = ACD(57D) (4-29 !
Hot volume,
(4-30

Cold volume,
Ve = —Y-g—L—— 1+ cos(PHI)] 4 VCD + 5

VH = —‘%L— 1 - cos(PHI)] + VHD

VPL

1 - cos(PHI - ALPHE} (4-31




@ \\\\\

‘\‘&\\\

0 PHI

Figure 4-8. Phasing of Displacer and. Power Piston.

Total volume
VT = VH + VC + VRD

Engine pressure

*VH , V€ . VRD
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VCD includes the dead volume in the cooler as well as the dead volume -between
—%the strokes of the displacer and the-power piston. According to the class-
ification of engines given in Figure 2-6, the gamma type machine must have some
volume between the strokes to allow for clearance and the flow passages between.
In the beta type engine the strokes of the displacer and the power piston over-
lap so that they almost touch at one point in the cycle. This overlap volume
is subtracted from the dead volume in the cold heat exchanger. For a beta
type engine with this type of stroke overlap and ALPH = 909 and VCL = VPL_

then VCD = VCDHX - !%E (2 -+/Z) = VCDHX - vPL (1 -Y%;) where VCDHX = cold
dead volumeé in heat exchanger.

4.2.1.2 Sample Engine Specifications

In order to check equations which look quite different, it was decided to specify
a particular engine and then determine if the work integral checks. The speci-
fication decided upon was:. ... ... .

| ‘
. L . e .
o 14 IR 7 — . §
N . coah . " de o i o, e
‘;‘:"' vﬁ:.g;%: ﬂ"ﬂiﬁ Z.é 5 A - 3»747 e RIS UL ‘.‘_._. r prte” X

| M(R) = 10.518 J/K
i TH =-600 K
( TC = 300 K
' VHL = VCL = VPL = VRD = 40 cm3.
VHD = VCD = 0
ALPH = 900

GO

b T

TR is defined.a number of ways, depending how.it is defined in the analytical
equation that is being checked. .1t may be:
(1) Arithmetic mean (Walker)
TR = (TH + TC)/2 = 450 K
(2) Log mean, most realistic
TR = (TH - TC)/In(TH/TC) = 432.8 K
(3) Half volume hot, half volume cold (Mayer)

L 1.1 .1
TR = 400 K

The above sample engine specification is for a gamma engine. For a beta engine
assume in addition that VCDHX = 0 then: .

i
Gt S SR S A, o Wige £ 53 5. 0t A e

veD = 0 - 40 (1 -\f§> = - 11.715 cm?

»

4.2.,1.3 Numerical Analysis

Using the numbers given in Section 4.2.1.2, Equations 4-28 to 4-33 can be
evaluated for PHI = 0, 30, 60, . . ., 360, P can be plotted against VT and
the result closed curve can be integrated graphically and the maximum and min-

————
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imun gas pressure can be noted. The author's experience with a number of
different examples gives a result which is 4,59 Tow when compared with valid
analytical equations and with numerical calculations with very small crank
angle increments, If the investigator has access to a programmable ca1cglator

Using the 400 k effective régenerator temperature the following results were
obtained for the numerical example.

DELPHI $Frdv . % Error
30° 314.36 Joules 4.5
20 322,56 2.0
10 327.53 0.50
5 328.78 0.13
0.25 329.1994570 0.0003
Mayer equation 329.2005026 0 -

PHI for
DELPHI Pdv P
§ max Pmax
19 360.45 58.10 MPa 117°
If the log mean average is used TR = 432.8 K then:
. £ PHI for
DELPH] grav Pmax pmax
1°. 350.04 56.99 MPa 117°

For the case of the Beta engine with essentially touching displacer and power
Piston at one point in the cycle vep = -11.715 cm3, For the arithmetic average
acad volume temperature TR = 450 K. Then:

. ‘ PHI for
DELPHI § Pdv Priax Priax
10 516.32 74.0862 117°

Precision in calculating this work inteqral is mainly of academic interest
because the result will pe multiplied in first order analysis by an experience
factor 1ike 0.5 or 0.6 (one figure precision). Even in secoild or third order
analysis no more than two figure accuracy in the final Power output ang




START

INPUT DIMENSIONS

, _ Y _ v
CALCULATE EQUATION CONSTANTS
R
INITIALIZE STORAGE REGISTERS
—
DISPLAY PHI (OPTIONAL)
_ y_
CALCULATE AND STORE VC, VH, VT
]
PUT VT AND DISPLAY VT (OPTIONAL). j
P IN SECOND ¥
STORAGE
REGISTERS CALCULATE AND STORE P
¥
T DISPLAY P- (OPTIONAL)
¥
PHI = PHI + DELPHI
- LS PHI - DE;;;:f;\\‘fNO"”"' — —y
CALCULATE + ACCUMULATE
WORK INTEGRAL
¥
FIND Pmax AND
PHI AT pMAX
YES
be— E PHI < 360°
e DISPLAY WORK INTEGRAL
STOP = Pyay AND PHI AT P

MAX

Figure 4-9, Flow Diagram for Work Integral Analysis.
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efficiency should ever be -expected. Thus erro

sidered insignificant. Therefore, DELPHI
Practical purposes. :

rs less than 1% should be con-
= 159 would be adequate for all

4.2.1.4 Schmidt Equations

At Mcbonnell Douglas, Mort Mayer reduced the Schmidt Equation to.th

e following
relatively simple form (68 ¢)

W = MR)(TC)(2r)B(VP) [ A o 1]
(A2 - B2 . ¢2)%

(4-34
B2+C2
where
W = work per cycle, J
M = gas inventory, g mol
R = gas constant = 8,314 J/g mol - K
TC = effective cold gas temperature,K
TH = effective hot gas temperature,X
A = veo + IE (vwo)
- VPL VCL . VRD
Vo= +voc + kL WD

= VHL , VRD
VHO-VHD"‘T"'T

VI = vPL/2
B = By . TE)sin(ALPH)
C = [VPL - VHL(T - T5)cos (ALPH)] /2
ALPH = phase angle between displacer and power piston, normally 90°

From the sample engine specifications:

3
vc0=529+ 0..+129+47°=60 om” = 60 x 10~°n°

3
VHO = g +i‘29+129= 40cm™ = 40 x 10°%,°

-6 b -
A=60x 10 +-3-()°5(40x1o ) =8x10 %
6
= 40 x 10° 300, _ -5 3
B —~—§f—-—;(1 - 566) =1x.10 m
- <5 3
c=59§&=2x10 m

Using these inputs the Mayer equation gives:
W = 329.2005026 Joules

S e e——"
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The Mayer equation evaluates the integral exactly given the assumptions that
were used in its derivation, like sinusoidal motion and half the dead space

at hot temperature and half at cold temperature.. The.numerical method (Section
4.3.1.3) approaches this same value as the angle increment approachés zero.

The Mayer equation must have VHL = VCL. That is, it cannot consider the effect
of the displacer drive rod.

J. R. Senft (76 n) presents a Schmidt equation for finding the energy generated
per cycle. His assumptions are the same as have been made so far with the
temperature of the dead space gas having the arithmetic mean between the hot
and cold gas spaces. This equation is for a beta type engine with the displacer
and power piston essentially touching at one point during the cycle. His
equation is:

. 3
yoe_ml- 1 Prax Vgk sin o Y - X
Y + (Y2 - X2)% Y + X
where
2 271
X = [(r -1) +2(t-1) k cosa + k ] :
Y= 14+ 4y1/(1 at)+D
2 1
D=(1+k -2k c05a)12

In order to illustrate and check this. equation it is evaluated for a specific
case oreviously computed by numberical methods. (See Section 4,2,1.3 for TR =
450 K and VCD = -11.715 cm3.)

= IC . 300 _
el Rl SRR
V, = volume swept by displacer = VHL = VCL = 40 em3

v:»= volume swept by pistor = VPL = 40 cm3

VD = volume of all dead space = VRD + VHD + VCD = 40 cm3
X = VD/Vd = 40/40 = 1

k =V Ny = 40/40 = 1

« = phase angle = ALPH = 90°
Poay = Maxifmum pressure.attained during each cycle = 74.0862 MPa
D=(1+1-2(1)cos 90°)? 2v/Z
y=005+2 %.50-5 + \VZ = 3.247547
X = [(o.s - 1)% + 2(0.5 - 1)(1)(cos 90°) + 1] % = 1,118034

79

e b o b g v a i .

e e e o it s MG S ol “we St ook et Z . .




) 5
= J = 0.698424
(Y2 - X2)% = 6.296573

- n(1-0.5)(74.0862) (40) (1) sin 90° (0.698424)
= 6.296573

516.33 Joules

—
£ < -<l-<
+ '
><|><

This answer agrees very well with results obtained by numerical methods of .~
516.32 joules. Senft (77 ak) also has adapted his equation for a gamma. type

engine- (without stroke overlap). . In this case the equations for W and X are
the same and the equation for.Y is:

o2

= 4 x1
Y= +

ﬁ'+ 1+71+k (4-36

Therefore:

- y.= 4(1)(0.5

g-—-+1+0.5+1 = 3,833333

s
(%—5—%) = 0.740513

Y + (Y2 - x2)% = 7 50000

To agree with the numerical analysis of Section 4.2.1.3 for TR = 450 K,
Prax = 58.10 MPa, -

Thus:

w=1( -0.5)(58.10)(40)sin90°(0.740513)
7.50000 .
W = 360.45 Joules

This .result agrees exactly with the numerical analysis for DELPHI = 1°,
TD = 450 K and Pmax = 58.10 MPa. (See Section 4.2.1.3.)

This new Senft equation is also correct.

Cooke-Yarborough (74 i) has Published a simplified expression for power output
which makes the approximation that 10t only thé volumé changes but also the
Pressure changes are sihusoidal. The regenerator is treatéed as being half at
the hot volume temperature and half at the cold volure température. His
equation is:

s V.V _
Output Power = 59 540 —AT 31" (4-37
Mo Lar
c VM

::":v' %::-. .
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piston at mid-stroke. (With the approximations used, these two pressures

where: ‘:

N ' . . ' "'jw

P = mean pressure of working gas, or pressure with both displacer and .power -
can be regarded as identical.) If the mean pressure is known, it can be - ;

— ;?: used directly in Equation (4-37). Otherwise the mid-stroke pressure

o can be calculated as follows:

- |4 l
] B = __MR _ R
= b VAL, VRD , VLC . VPL e
ZIHY " TR ZTC ZTC

. .

i 10.518 | -
500 * 732.8 * 300 * 300 o

40.59 MPA .

‘operating frequency, radians/sec A
2x s0 that output power in watts is numerically equal to -
power per cycle, Joules SR
VHL = 40 cm3 '

V, = VPL = 40 e IS

M. total gas volume of system when output piston is at midstroke - j
VL + vep + LEL -
40 + 40 + 20 = 100 cm3 .
T - T, = 600 - 300 = 300 K | 1
phase angle = o = 90° S
cold gas volume with both piston and displacer at midstroke 1@
“and regenerator volume split between hot and cold volumes _ I
VRD , VCL , VPL e
2 vt 7t ;

=4—g+4—%+%=60 cm3

i

nonn

-
m
n

-
1]

>
putf}
nn

oo 40.59(2m) 40(40 (300)1 i
output power '—-——ég -—4551-300 N 68 (300) | ﬁ;z
Tl . ’~.

318.79 Joules/cycle
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Because of how V
equation, that 12, to 329.20 joules.

more nearly sinusoidal.

4.2.2 Dual Pisfon Engines

Therefore,

appears to be a reasonably good approximation (3.2% error)..
improves as. the dead volume is increased, because the pressure wa

is determined -this result should be compared to the. Mayer
the Cooke-Yarborough equation - .

The accuracy
veform is .then

4.2.2.1 Engine Definition and Sample Ergine Specifications

The nomenclature for engine internal volumes

Figure 4-10.
case. The Tollowing equations
‘Hot Volume
VH =-!%£~[1 - sin(PHD) ] + VKD
Cold Volume |

VC =

|<

CL [1 - sin(PHI - ALPH)] + VCD

N

Total Volume
VT = VH + VC + VRD
Engine Pressure

= M(R
e Ve TR

Ve
m*Tct ™

4.2.2.2 Numerical Analysis

evaluated for PHI = 0, 30, 60, . .

82

Also given in Figure 4-10 are t

and motions are described in
he assumed values for the sample
describe the volumes and pressures.

(4-38

(4-39

(4-40

(4-41

Using the assumed values given in Figure 4-10, Equations 4-38 to 4-41 were
. 360. . The results were:-
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VOLUME cm3
no
(e )

90 180 - 270 360
Symbo1 . Definition
VHD hot dead volume
VRD regenerator dead volume
VCD cold dead volume
VHL hot-piston 1ive volume -
VCL cold piston 1ive volume.
TH effective hot gas temp.
TC effective cold gas temp.
TR effective regenerator g. t.
M engine gas inventory
R gas .constant
M(R)
P common gas pressure
~ PHI crank angles
DELPHI crank.angle increment
ALPH phase angle

Figure 4-10.

Dual Piston Engine.Nomenclature and Assumptions for Sample Case.

PHI
[ ALPH -»]
Units Assumed Value
cm3 0
cm3 40
cm3 0
cm3 40
cmd 40
K 600
K 300
K 450._
g mol 1.265
J/9 mol-K - 8,314
J/K 10.518
MPa to be calculated
degrees ‘
degrees (DELPHI)N = 360

degrees N = intorger

83"
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PHI
Degrees

30
60
90
120
150
180
210
240
270

1300

330

360-—

VT
cm?

100.0
87.3
72.7
60.0
52.7
52.7
60.0
72.7 .
87.3
100.0
107.3
107.3
100.0

This data is.graphed in Figure 4-11 and

as the points were calculated.

indicates the accuracy of the gr

the answer ‘that should be obtain
be reduced toward zero.

VdP

rﬁﬂ
RS AR R
-ly.l .y .‘l Q‘ L: [--—l» -J’.:H"M.m ‘l“.‘—) e v . ‘H; 1
g
[
ab
P |
MPa »
—41 Rk
45 .
54. ;
|
67 1111
53 =L
91 h ’(g
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graphically integrated. A value of
695.3 J was obtained. As before, a numerical integration was ¢

This was 668.8 joules, a 3.8%
aphical integration procedure.

ed by valid Schmidt equations,
The results obtained were:

arried along

error which

To approach

DELPHI should

DELPHI p TR % Error Due
oules max K to DELPHI
30 668.8 91.87 450 4.5
10 696.8 450 0.5
1 700. 324 91.98 450 0
30 641.284 89.121 432.8 4.5
1 671.517 89.220 432.8 0
30 587.9 400 4.5
1 615.619 83.831 400 0
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Note the difference in the result depending cn what is used for the effective
temperature of the gas in the regeneratcr. If the regenerator has a uniform
temperature gradient from hot to cold, which it usually does, then the log
mean temperature (TR = 432.8 K) is correct. The arithmetic mean (TR= 450 K)
gives a result for this numerical example 4.3% high. The assumption that the
regenerator is half hot and half cold (TR = 400 k) gives a result 9.1% low.

100 T 1 T T T

90

PRESSURE, MPa
~ o8
o S

o
]

(& 4]
O

1 A 1 1 1

50 60 70 80 90 ..100 110
VOLUME, cm3

Figure 4-11. Work Diagram for Dual Piston Sample Case (DELPHI = 30°).

4,2.2.3 Schmidt Equations

Walker (73 j) gives a Schmidt equation most adaptable to the two piston engine.
Using his nomenclature it is: —_—
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where

i -1 [(1-8)\* & sine
N (%1—:3%) T+ (1-59)* (4-42
P = work per cycle, Joules
Prax ='maximum pressure during cycle, MPa
VT=\‘E+VC= (l"‘K)VE
VE = swept volume in expansion space = VHL
Vc = swept volume in compression space = VCL
K = VC/VE, swept volume ratio
T = TC/TE
TC = compression space gas temperature = TC
TF = expansion space gas temperature = TH
TD = dead space gas temperature = TR
= (Tg + Tp)/2 y
§ = (12 + 21x cos o +2) ¥/ (1 + « + 2S)
a = angle by which volume.variations in expansion space lead those
in compression space, degrees
S.= 2Xt/(t + 1) (This is where the arithmetic average temperature
for the regenerator enters.)
X = VD/VE, dead volume ratio
Vp = total dead volume, cm3 = VHD + VRD + VCD
8 = tan']'(xsin o/ (t + xcos a))  (Note that o defined incorrectly

in Walker's table of nomenclature and on page 36, but is right
on page 28 of reference 73j)

Now in order to check this equation against numerical analysis it should give-
a work per cycle of slightly greater than 700.324 Joules when 91.98 MPa is used
as the maximum pressure. TD = 485 K is the same assumption for both. (See
Section 4.2.2.2.)
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Therefore:

VT =40 + 40 = 80 cm?3
K = VC/VE = 40/40 =1

Phax = 91.98 MPa
v = T./Tg = 300/600 = 0.5
X = Vp/Vg = 40/40 = 1

$ = 2(1)(0.5)/(0.5 + 1) .= 2/3

§ = (0.52 +12)’%/(0.5 + 1 + 2(2/3)) = 0.39460
o = tar"1(1/0.5) = 63.43°

P.= =700.37 joules

Thus the formula checks to 4 figure accuracy except for the siy .

Walker obtained the above equation along with most of the nomenclature from
the published Philips literature. Meijer's thesis (60 c) contains the same
formula on page 12 of reference 60 C, except he uses (1 - 1) instead of

(r ~ 1) and a positive result would therefore be obtained.

In Meijer's thesis (60 c), the quantity S is defined so that dead spaces in |
heaters, regenerator and coolers and clearance spaces in the compression and

expansion spaces, all of which have different temperatures associated with
them, can be accommodated.

Thus: :
s=n
v T
= EE: s ¢
S = V—E—T; (4-43
s=1]

(SRR QPP . PO EFT-GEPER ¥ N

where Vg and Vg are the volumes and absolute temperatures of the dead spaces.
Using tﬁis formula it would be possible to use the more correct log mean
temperature for the regenerator. Thus:

_40(300) _
S * 70(232.87 = 0.693

The above equation then-evaluates to:
P = 671.537 Joules

This is within 0.003% of the value 0f-671.517 computed numerically for 1 degree
- increments (see Section 4,2,2.2).

Finkelstein (60 v) independently of Meijer derived the following formula for '7
the work per cycle:

2 STV RSP TGP s Vit S

ittt OB S VL EREIE P S VST S S P

by .
st s,

a
-

p = ZnC=slsle yer (s () (4-44

B R A
i e »
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where

£(0) = UMITTR2(1 + V77

From his derivation it is apparent that his nomenclature runs parallel to that

used by Walker. Thus:

nN=Ky T T, a=a,V=X,v=2S,p=26,Ts= Tc

and V = Vg also Finkelstein's WR is equivalent tc M(R) used in the numerical

analysis. When these transformations are made:

p.= 2me(1 ~ 1) (sina)M(R)Tn _
(1 + 6 +25)24 - 82(1 + A - 52)

Using the last numerical example:

40(300)
= Eﬁ?é??:%f = 0.693

(<2}
|

T = 0.5
k =1
« = 90°
M(R)Tc = 10.518(300) = 3155.4 ..
8 =\/i.25/(1.5 + 2S). = 0.38735
P =671.55

(4-45

This compares to 671.537 by the Meijer formula and to 671.517 by numerical
analysis with 1 degree increments. Therefore, the above formula alsc is usefuyl
in ccmputing the work output per cycle. Note that this formula employs the gas

inventory instead of-the maximum pressure, -

Zarinchang (75 d) presents a formula.for the work output per cycle of a dual
piston engine. It bears a superficial resemblance to the Walker equation but

is not identical ur easily converted to it. It will now be evaluated numerically

to determine if.it gives the right answer.

_ KO - 8) Py Y max VT = F)-sina
(t+k+S)VT+F) (1 +\7T = F

where
W =-Work output peér cycle, joules
k = ratio of swept volume of compression space to expansion
space, = 1 for the sample problem being used. :
t = temperature ratio 300/600 = 0.5

Pmax maximum pressure = 91,98 MPa

1,max - 3ssumed to be swept volume of expansion space, not defined
7 7 in reference 75 d = 40 cm3

(4-46
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« = phase lag of the crank for the compression space piston
behind the crank ror the expansion space piston = 909

S = proportional dead space referring to swept volume of the.

expansion and reduction to lower temperature

Axt/(1 + t) Arithmatic mean temp. for regenerator

LI 1}

x = ratio of total dead volume-to swept volume of expansion
space = 40/40 = 1.
Evaluating:
S = 4(1)(.5)/1.5(= ?(3)(‘L
= 0.25 + 1+ 2(.5)(1)(0). .
T TS F Y Ay 044
W = 669.408 Joules . 4.4% low compared to the Walker formula and to

nunerical analysis

However, if F is defined the same as & of the Walker formula, that is,. put
a square root sign over the entire numerator. then F = 0.39460 and W = 700.37,
exactly the same magnitude as obtained with the Walker formula. Thus it is

concluded that the Zarinchang formula is also valid after it is corrected as
shown above.

4.2.3 Experience Factors

Once the Schmidt -and the Carnot equations have been evaluated for an engine,

a rough estimate of its power output and efficiency can be made if it is designed

similar.to an engine for which test data exists.

Figure 4-12 shows how. experience factors can be applied after relatively simple
calculations to obtain ball park estimates of the size, weight, and efficiency.
for a particular output. power. level desired.

To illustrate, assume one has an engine for which
speed of operation, average operating pressure, type of engine (a, g or y)
and input and output metal temperature. From this information one can cal-
culate using the appropriate Schmidt equation from the preceeding sections

‘the calculated. power output, W . If the engine were-perfect with no losses
then the Carnot equation wouldcapp1y:
T W

you know the dimension, the

'}=1-£:.£
¢ TH Q.

where QC = basic heat required before losses are added.

By measuring instantaneous values ot engine pressure
ment, one can plot a work diagram. The area of this diagram times engine

speed is the measured indicated buwer, W.. The heat input to the engine. Q.
can be most . onveniently measured by add}ng the heat absorbed by the cooling
water to the power output. Q is considerably greater than QP. :

and power piston displace-

The indicated

]a
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efficiency, n, is W;/Q. Some of the measured indicated powzr is absorbed by

friction in the secals and cranks of the engine. Brake power, wﬁ, is the power-.

that can be measured on the output shaft by measuring the brakj g torque and..
the-speed. The mechanical efficiency is W,/W,. The brake eff1c1epcy is

N, = Wo/Q.  To operate independently. most eng}nes require auxillaries. For a
tgpica Stirling engine a fuel pump,a combustion air blower, a water pump, a
cooling air fan and a working fluid pump and-a generator would all draw power
from the engine. The net brake power; NNB’“is what is left. Net brake
efficiency is g = NNB{Q.

The efficiency experience factor is of three kinds:
1. indicated, n/nC

2. brake, ”B/”c
3. net brake, “NB/"C

These efficiency factors are expressed in the following tables as a percent. .
of Carnot efficiency.

Power efficiency factors relate the power realized to that calculated by a
Schmidt -equation.or equivalent,  —

A1l available information that would allow this efficiency and power experience
factors to be calculated will now be given.

4.2.3.1 Efficiency Experience Factors

The most extensive information is available from publications authorized by

N.V. Philips Co., and their licensees which generally give efficiency as. a
function..of output power for a given displacement engine. For each point on the
curves given the size of the gas heater, regenerator, gas cooler, the gas.

pressure and engine spoed are chosen to give the best efficiency for the desired..

Power. No dimensions except for the displacement are usually given but this
information indicates what a well designed engire can do. Table 4-2 shows
indicated efficiencies calculated by .-Michels foi a 1-983 rhombic drive Stirling
engine. The 1-98 has a 98 cc displacement displacer and power piston.

Michels shows that for optimized engines the indicated efficiency depends upon

hgater temperature and cooler temperature and not upon the working gas used.
Figure 4-13 shows Michels' curve correctly labeled.
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Table 4-2
Indicated Efficiencies of a

bic Drive Philips Engine

Reference 76 e)

Heater Cooler Indicated

Temp. C ... .Temp

850 100
400 100
250 100
850 100
400 100
250 100.
850 1100
400 100
250 100
850 0
400 0
250 0
850 0
400 0
250 0

850 0
400 0
250 0

Another way of correlating the
to the Carnot efficiency for the particular heater

Figure-4-14 shows 4,

from 65 + 6%
experiméntal

. C Power at

Maximum
Efficiency

~Kilowatts

.18
1.5
.35
Negative
10
2.8

calculations is to relate. the indicated efficiency

and cooler temperatyre employed,
15 indicated efficiency factor

at 250 C heat temperature to 75 + 2%

data, Michels ca}

an engine without powering nes

culates the brake ef
¢ssary auxiliaries,

Indicated Percent of
Efficiency Carnot
% Efficiency = .
50 75
32 72 .
18.. 63
50 75
30 67
17 59
49 73
3 70
57 75
45 76
34 71
58 77
42 71
32 67
55 73
42 71
33 - 69

» (n/n_j. Note that it goes
at 800°C. Based upon much

ficiency factor, no/n_, for a

Table 4-3 shows tﬁ

e~ﬁaximum

.
i o
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- ow Table 4-3
. Computed Brake (Shaft) Efficiencies for |
1 a 1-98 Rhombic -Drive Philips ’
' ﬁ Engine Optimized for Each Operating Point
° {(Reference 76 e) | 4
i CLy o
: o ;./‘
S iﬁ Working . Heater  Cooler  Shaft Power  Brake © % of  Mechanical »
1 Loy Fluid Temp. € Temp. C  at.Max. Eff. Eff. % Carnot Efficiency - 'Y
; ;] K. watt Wg Eff. Wy ;
o Yy n — |
P ﬁ' Ho -850 100 4 40 60 0.80
s ‘ : i
R Ky 400 100 0.8 25 56 0.78 g I
| y H, 250 100 0.12 12 42 0.67 N
2 ! ‘ ;' 4
o 4 He - 850 100 4 40 60 - 0.80 } /
He 400 - 100- 0.4 24 54 0.80 : o
R He 250 100 0.1 e 42 0.71 O
o X N, 850 100 1.0 43 64 .— . 0.88 }1
! | H
. N, 400 100 - 0.2 26 58 0.84 i
A - ,
B No 250 100 Negative - -- i
o l H., 850 0 6 —— 47 62 0.82 SR
bt . w00 o 1.8 36 61 0.80 |
l f‘ e ‘ ‘1
o Ha 250 0 0.7 - 2 54 0.76— _ |
4 , ‘
& He 850 0 5 46. 61 0.79 ‘i
i He . 400 0 1.2 36 61 0.86 —— "
? He 250 .. 0 0.4 27. 56 0.84 !
N, 850 0. 1.3 49 65 0.89 o
¥ b .
b . .
K N, 400 0 0.4 38 64 ——0.90 D
( ‘ N, 250 0 0.17 26 61 0.88 |
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Table 4-5

a0

i for

.

um Brake Efficiencies
Yarious

Pazim

t

Heater Cocler

Fluid Pressure Temp

TENSIONH
cm

3

o

iciency
ing Point

mum Eff
£

Opera
RPM

Wzl

i

Temp

Hean

Worring

w0t e o s ds o dn « - - Ao et o - e e e e

cylin

£

NO. O

wt, kg

% of

Foe
Eff. ¢ Carnot

Bra

o
H

C
F

0

MPa
psia

Manufacturer
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brake efficiercy peints for these calculations. Figure 4-14 shows_how the
brake efficiency factor depends on heater temperature. The mechanical effici-
ency for this machine is generally about 803 (see Table 4-3).

The size, weight, power and efficiency for a number of other engines mentioned
in the literature are presented in Tables 4-4 and 4-5. It should be emphasized
that the powers given are for the maximum efficiency operating point not the
maximum power point. Note that the brake .cfficiencies range from 4¢ to 697 of
Carnot.

el s

Finegold and Vanderbrug (77 ae) using data from the Philips-Ford 4-215 engine
conclude that the maximum brake efficiency is 52% of the Carnot efficiencyv. This
factor is.based upon 1975 data. Improvements have.been made since then. .

Net Brake Efficiency - The information presented in.Tables 4-3 to 4-5 is for
engines without auxiliaries. In Table 4-6 performance and efficiencies are
given for the engine powering all auxiliaries needed .to have the engine stand
alone. This includes the cooling fan, the blower and atomizer and fuel pump
for the burner, and the water pump for the radiator. Table 4-6 shows that

NP - P—

the maximum net brake efficiency. is from 38 to.65% of ideal. .
) | ‘ ‘ :
Carlqvist, et. al (77 al) give the following formula. for well optimized engines
operating on hydrogen at. their maximum efficiency points. E Vi
b El
p T ’ i
. - '1 ‘3 t:‘ “;; - ___S;. .. . . . . & '
where o -
Naff = overall thermal or effective efficiency...-.
Pnet = net shaft power with all auxiliaries driven ... ...

Ep = fuel energy flow
TC’ TH = compression - expansion gas temperature, K

C = Carnot efficiency ratio of indicated efficiency
to Carnot efficiency, normally from 0.65 to 0.75.
Under special conditions 0.80 can be reached.
ny = heater efficiency, ratio between the energy flow
to the heater and the fuel energy flow. Normally
between 0.85 and 0.90.
ny = mechanical efficiency, ratio of indicated to
brake power. Now about 0.85 should go to 0.90.
fA = auxiliary ratio. At maximum efficiency point fA = .95,

1

Thus the mast optimistic figures:
. . T T
noep = (1 - T%) 0.75(.90)(.90)(.95) = (1 - +)(0.58)

(31}
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4.2.3.2 Power Experience Factors

Cxperience ractors based upon the Schmidt Equation - Only a very few references

give numbers relating the output brake power to that predicted by application of

tne Schmidt equation. The available data are:

*

Author Reference  "g/¢"

Urieid 1977 af- 0.3 to 0.4-

Zarinchang 1975 d 0.3 to 0.4

Finegnld & 1977 ae 0.32
Vanderbrug

Martini (calc) Table 5.5 0.6

this report
*See Figure 4-12 for nomenclature, at matimum efficiency point.

This power experience factor is the product of two factors. One factor of
about 0.8 is the mechanical efficiency for the machine. The other factor

- expresses the fraction of the basic power remaining after internal flow

friction is deducted. This second factor is larger at the maximum efficiency.
point than it is at the maximum power point. Until more is known about this
factor, it should be used as.a very rough guide.

4.2.4 First Order Design Procedure

In a first order design procedure the following steps are used:-
1. Establish TH and Tc‘
2. Calculate Ne-

3. Determine, indicated, brake and.net brake efficiencies using
efficiency experience factors,

4. Establish type of ergine, piston displacement and fraction
dead volume and speed. (See Section 3.3.3 for description
of -a typical ensine.)

5. Compute Nc wit' appropriate Schmidt equation.

6. - Predict brake power using the power experience factor.
As a sample of "this procedure the following problem and solution is offered.
Problem: Your lab reports a new material has been discovered which will allow

an engine like the GPU-3 (see Section 3.3) to operate at a 1500 C. Estimate
power output and efficiency based upon first order methods.

Solution:

1) Ty = 1500 + 273 = 1773 K
T, =20 + 273 = 293 K
T
- . 293
2) nc-l--r--li-l 5 = 0.835

100

RN N )
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3) From extrapolation of Figure 4-14 the brake efficiency factor

" iﬁg“‘ cor ! " ' EEE

and.further establish

(See Section 7.2 o

126.9 cm3

is 0.65.. Therefore ng = 0.65(0,835) = 0,54 .
4) Use the Cooke-Yarborough Equation (4-37)
that:
P.= 4,137 MPa (600 psia)..
@ = 100w (50 Hz)
Ve = (7.01)2(w/4)(3.068) = 118.4 cm3
Vo = 118.4 cm3
VM = VHD + VRD + VCD + 0.854V. + O.354V0
. for values of VHD, VRD ahd VCD.)
Yy = 81.8 + 51.8 + 17.2 + 101.1.+ 41.9 = 293.8 cm
AT = 1773 - 293 = 1480 K
6 = 90°
_ VRD :
Vc = —§—j+ VCD + (Vo + VE)(O‘354)
© =258 5972 4 (118.4 +-118.4)(.354) -
5) Calculated output power, Wo = TV
| T,

W = 4:135(1007) (118.4)(118.4)

3
_Bu VEYo AT cin o
M C
+V—-AT
(1480)(sin 909)

v

s b

ECERL

c 8 293.8 126.9 :
- 293 + 553 (1480) r~
= 12.3 KW. : v : T
6) . Choose a power experience factor of wB/wc = 0.6 so f d

brake power, WB = 0.6(12.3) = 7.38 KW
heat input, Q ® 7.38/0.54 = 13.7 KW

4.2.5 Conclusions on First Order Design Methods .

1. First order design methods are good for preliminary system analysis. ‘
2. Current flame-heated Stirling engines powering all.auxiliaries can realize P
no more than 58% of the Carnot efficiency figured between the heater metal-

temperature and the cooling water temperature.

3. Published Schmidt equations to compute basic output power (Figure 4-12)
generally correct and can be checked easily

from engine dimensions are
by numerical methods.

4. Reliable experience factors relating the basic power to the brake power
for a well designed Stirling engine do not exist at this time.

4.3 Second Order Design Methods

Second order design methods are relatively simple computational procedures that
are particularly useful for optimizing the design of a Stirling engine from
scratch. An equation or a brief computational procedure is used to determine
These then are modified.by the various
For instance, the net output power is the

the basic power output and heat input.
identifiabie energy loss terms.

 BeerthLl
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basic power
The net heat input is the basic heat input plus reheat Toss, §
das and solid conduction, pumping loss, . temperature swing loss
erature swing loss, heat exchinger Toss, and minus the frictio
the hot end.  Then the net of ficioncy is the net output. power
net heat input,

The

are presented by-drawing on the-available 1iterature.
and 4.2,2.3, more than one equation or niethod may be available

time some .ot the more complicated methods will only be referre
edition. Eventually a trade-off
and accuracy. However, many more
refiable measurements need to be
ot judgement can be made.

computations need to be done
made on-well known engines be

This section reviews the literature., Section 7.1 presents
form using some of the simpler-equations. Section 7.2 pres
example for the GPU-3 engine. This section will use
nomenclature so that thore need not be a change in
equations are coded in-FORTRAN or another machine language.

4.3 Capital Letter Nomenclatu e for Section 4.3
A= \(LCR)" - (ECC - RC)- (See Figure 4-15.)
AC = Effective free flow area for matrix, cm- |
AF = Average free .f1ow areda through regenerator, cm? .
AHT = Heat transfer area ror matrix or cylinder wall, em”
AHTA = Conduction heat transfer area of one regenerator cylinder at level A
cme
AHTB. = Conduction heat transter area of one regenerator cylinder
. cme ~
AHTC "= Conduction heat transfer area of. one
end, e
AHTH = Conduction heat transfer avea of One regenerator cylinder
cne
ALPH = Phase angle, degrees
B =\ (LCR)" = (ECC + RC}T (See Figure 4-15,)
BET = H:lf angle of interleaving cones, degrevs
BP - Basic output power from Stirling engine before Tosses
watts
It
oA :
L. YA - SN -
B(M“,,Nﬂ.);;_ﬂ.jsin M ](\“uosf'N ]U“d("'
I‘ k\
M = (3 - NY)/2
Nll ™ 1‘
(for wires and sereens, NX 0,59 and B(M",N") 9 1
o

output Tess 1Tutd friction losses and mechanical f

methods of computing these basic heat inputs and power outputs and the

neads to be made between cost

riction losses,
huttle conduction,
»intornal tomp-.
nal heating in
dividod by the

losses

As in Sections 4.2.1.4

. For lack of
d to in this

of computation
and much more
fore-this kind

an engine design
ents a.worked out...
an all-capital-letter
nomenclature when-the

[ T

at level B,

regenerator cylinder at cold

at hot end,

are deducted,

)

SR W

itk

.
e e e e v e e
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¢ o NLCR = RO - (ECC)T |
CP = Heat capacity of gas at constant prassure, 3/g K
CPT =

ChM
cho

GiM
(WA
Cv
Cl

e}

caL -

(B
3
D

De
DCY

i

I

Hoat capacity ot gas at constant pressure when flowing from hot end
to cold ond of regenerator, /g K

Heat capacity of regencrator matrix,J/g K

Heat.capacity of. gas at constant pressure whon fTowing from cold end
to hot ond of" regenerator, J/g K~

Heat capacity.of piston or displacer, /g X

Hoat capacity- ot cylinder wall,d/g K

Hoat capacity of.gas at constant volumeJ/g K

AT(CV)/(cP),

(XK) (AHT)/ ((cP) (MDA)T = N(AF)) with XK, MDA.and N evaluated at outlet,
cold, conditions

(XK)(AHT)/ (CP)(MDA)] - N(AF)) with XK. MDA and N evaluated at inlet,
hot. conditions

Geometry constant (see Equation 4-130)

=\1 + K - 2K cos (ALPH)

LI

DeY =
on =

NOR
DE

DEL

DELP
DELTMX

I

DELW =

DIC
01D
DIM
hoc”
DOH

= Pressure drop, MPa

Diameter of compression, cold piston, c¢m
Diameter of engine cylinder, cm

Diameter of cone at base, cm

Diameter of displacer cylinder, om
Diametor of displacer drive-rod ¢m
Diameter of expansion, hot space, ¢m

\(TAU): 4 2 (JAU) (KAP)cos (ALPH) 4 (KAP)-
(VAU + KRR Sy

Temperature swing of the regenerator matrix material, K (see Equation
4-127)
Work for one increment

= Inside diameter of cooler tubes, <m

it

onon

op =
DR =

M
t
ECC

F
FA

U

28

FC -

FUMAX
FCMIN
FCY
FC1C,
FCTH

noon

Internal diameter of displacer, om
Inside diameter of heater tubes, cm
OQutside diameter of cooler- tubes ¢m
Qutside diameter of heater tubes, <m
Diameter of power piston cylinder,.cm
Diameter of each regenerator, om

V(LCR + RC)- - (ECC)

RC sin (PHI)

Crank cccentricity, om {(see Figure 4-18)
Regenerator etficiency

= Fyiction tactor

Avea factor for radiant heat transter, tquation 4-122 and 4-123
Fraction of gas inventory. in cold space

Maximum in FC during cycle

Minimum in FC during cycle

Fraction of cycle time tor gos. flow into hot space

Effective fraction of the total cycle time steady flow passes in one
direction through the cooler (heater).

tod
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Errective fraction of vyvele time sty mass flow moves out ot {into)
the ot space

“Prtective traction of vlectime stoady mass oy moves out ot vinto)
. A \

FHMAN

the cold NP

SCoaling water flow, Jisey

Emissovity factor tor radiant heat trans for

Fillor factor, fraction of redenenor volume filled with solid
Praction of gax inmventory in hot S

Mantmam o HH doving evele

S Mindmam in PH dwsing evele

Radiation shiolkd factor
braction ot aas fnventory inregenerator

\CLCRY T TR RO eas TRy

CMass velocity, basod upon o avoa, o omsel

GR -

Stngle annulus cooter gap thickness, om _

Mass velocity when gas flows from hot ond of vedenerator to cold end
Massoveloc ey whonsaas flows from vold end of redenarator to hot end
conversion constant,

T 0 (NP s e - om)

Single wmdus hestter i thichkness, on

Displacer aap thickness, om

Pime averaded oap thickness, om

Hoat transtor coofficiont.w en A

Hoat {ranster coofficiont when W Flows from hot end to cold end of
redenerator ., woemon

Hoat transtor coetficient when gas tlaws fron cold ond to hot ond of
regenerator. woem'y

VEL UVHL

Vel VHL.

SN thermad conductivity, w cm‘(.k)

[
thermal conductivity of metal, Woem N
Motal themmal Colmductivity at lovel Aewem N
Motal thermal cenductivity at love! B, woom A
Motal thermal conductivity at cold metal tomperature, wem A\
Motal thormmal vorduetivity at hot metad tomperature . w 'om N -
emal onductivity of radenerator mtring, woom N
Thevmad vonductivity of piston o displacers woom N
thermal conductivity o vbinder wall, woom N
Lenuth of matrin,, vm
Lomath wall from Tevel A to cold end (Nee Braee 200D o
L E R , 1T
.-xu;s:‘( N N
Penuth wall from tovel B oto A ASee e 43 o
lotal Tenath of each cooler tube, om
Conded Tenath of ocach covler tube, vm
connecting vod Tenath for Rhombi drrve,om (See tjauee 4o

Femath ot T \M.h‘e‘l' varmeoecting rad § AL i s o e = e e e e s e i o e

ot LY N2 alhs Chdelr

o
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FCRE = Lenath of power piston connecting rad, v
(N Fongth of cone. om
LD Lonath ot displacer, om
EHO= Total lenath of cach heater taboy on
LHR - Length ot ey linder or vegenerator wall from Hotoend to Foevel B {See
Figure 403, om
EHHT < Hoated tenath ot each heater tube, om
LMY Half thickness for sheets and vadius for wires ofovegenerator material,
¢
LR - Lonath of vegenorator. om
LT - Temporatare_wave Tength in displacer wall, vm
N TR
SR T\ '
LT) 0 Tompesature wave Tength in evlinder wall, om
AR /‘(m
S P
L N /—C‘“‘“}ﬂm'
LRa N ()
M - Working aas inventory. u mol
MM o Amplitude of sinusoddal mass velocity at inlet. hot (N = 0) of
rogenerator, gfsec on
ML Mechanical friction loss,watts
MMX - Mass ot all matein materialy g
MSH- = Mesh size, wives/om
MU = Qas viscosity, goom s
MY Molocular woight of working gas, u’v mel’
N. Number of power units per engine
NC Numbor of cones on piston or displacer
NP - Net powor, watts
NR = Numbar of regenerators per power unit.
NS o Numbers of screen layers per redenerator
NTC = Number ot cooler tubes per powar unit
NTH - Number  of heater tubes per power-unit
NTUC = Numbor of transtor units tfor gas cooler
L H(AHD)
COFCH{NeSY(ew)
NTUH  Number of transfer units tor gas heatoer
AT
AECTINHS Y (eVY
NTUP  Numbor of ~transfor units for regenerator using constant pressare heat
capacity
S HEAHTY/ (WHS(erY)
NTUV = Number of transtor anits for regenerator using constant vo bume heat
capacity
COHEAHTY SHs{ev
NI Engine froquency, He o ovelesdsee
N\ Exponent iQ correlation for heat transtor coetticiont
H oo XR(WON
P Pressure at angle PHE for M(R) 1. MPa L see tgquation d-o8
MG Frequency of operation, radians ‘sec
Sa (N
PA - Amplitude of sinusoida? pressure swing eeMEdeo oo
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PAVG = Tipa eraged mean pressure, Mpa o
PC = Calculatod Pressure for giyen PAVG at given ANGTe PHI . MPacecacceiim e e
PHL = Crank angle, degrees
PM = Maan Pressure for cycla (see Equation 4-69). MPa
PMAX = Maximum ongine pressure, Mpa
PMIN = Mindimum Cycle Pressure, Mpa
PR = Prandt) Number
. CP(My)
KG
QC = Conduction heat transfer, watts
QGC = Heat from gas cooler, watts
QGH = Heat to 9as heater, watts.
QITS = Internal temperatyre swing loss, watts
QN = Net heat input, watts
QR = Heat transport by radiation,watts
QRH = Reheat 10ss, watts
QS = Static heat conduction loss, watts
Q1s = Temperatyre swing loss, watts
R = Universal gas constant
= 8.314 J/g mo7 K
RC = Crank radius, om (See Figure 4-15.)
RCD = Crank radius for displacer, o
RCP = Cprank radius for Power piston, cm.
RE = Reynolds humber
= 4(RH)G/Mu
RH = Hydraulic radius,. cm
= AC(L)/(AHT)
RHOM = Mean gas density, g/cm?
RHOT1 = Gas density at entrance, g/cm3
RHOZ = Gas density at exit, g/cm:
RM = Gas constant in mass units, j/g
ROM = Density of rregenerator matrix Material, g/cp?
ROT = Density of piston op displacer wall, g/cm?
RO2 = Density of cylinder walil, 9/cm3
Rl = Thermal resistance of hot third of regeneratoy cy]indert.K/watt
(see Equation 4-114)
R2 = Therma? resistance of middle third of regenerator cylinder, K/watt
see Equation 4-115)
R3 = Thermal resistance of cold third of regenerator QyIinder;“K/watt
(see Equation 4-116)
s = _1C [VHD VRD _ vep
B R S
* Reduced deaq voTume
ST = Stroke of Compression, cold Piston, cm
SCL = Stroke clearance cm
SD = Stroke of disp]acer, cm
SE = Styoke ot expansion, hot piston, cm
SGM = . (-’*“~3-(.5-[’{4 iy ] S T Y
: (GRY (oMg (RHOT) (CPYTTIRTT (RHOD) ﬁtpzmv.m))
SIG - Stefdn-Bo]tgman constant

i
\ 1
{

8,67 lo‘l'w/(cmfk“)
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ven
VEDX
VCL
VCLX
VCLT

v

VH
VD
VIHDX
VHL

VHLX =

VHi 1
VHLD
Vet
VRD

VT

o
: KR ' “a ' N 21 :
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Stroke of power piston, om
Tompevature at level A, K
Temporature at level By K

T1C/TH

Fttective temperature in cold, compression space, K
Hoat sink metal temporature, K

Temperature of cold space. K

Temperature of cooling water into engine,.K

< Thormal ditfusivity of piston or displacer wall, cani/sec
K1/ ((RIOT)(CP1))
= Thevmal ditfusivity of cylindar-wall, am'i/sec

K2/ ((RHO2) (cP2))

Effective temperature in hot, expansion, space, K

tan=! (KAPsin(ALPH)/(TAU 4 KAPcos(ALPH))), degrees
Thichkness of foil separating gaps in slot regenerator, cm

= Hoat sowrce metal temperature, K

Temperature of hot space, K

Phase angle between pressure and mass tlow at hot end.-of rvegenerator,degrees

: Thickness of wire in-screens of regenerator, om

© Effective entering gas temperature to gas heater, K

Effective regencrator temperatures K
(THM = TCM) /10 ( THMZTCM)

 Gas temporature at inlet, hot end. of regencrator, K

Gas temperature at outlet, cold end of regenerator, K
VCLX +-VCD

Cold dead volume. ¢m?

Extra cold dead volume besides that-in gas cooler, om?

~ Maximum cold live volume., cm?

Cold live volume at a particular angle PHI, Lm

= Cold Tive volume at beginning of increment,. cm
VCLD

Cold tive volume at ond af 1ngrement. cme

Total dead volume, ¢m!

VHD + VRD + V(D

VHLX + VHD

Hot dead volume, cm?

Extra hot dead volume besides that in gas heator, cm!
Maximum hot live volume,. cmd

Hot live volume at a particular angle PHI, ¢m?

Hot Tive volume at beginning of 1nxtomont. ¢!

- Hot Tive volume at end of increment . cm

VTl

W
WES
WHS

W
Wit
WPH
WI'R

Power piston Tive volume, om

Regenarator dead volume, cm

Total gas volume at angle PHI

VH + VO + VRD

VHE + vl

Mass vate of flow, a/soc

Prrective tlow rate of gas into cold space, q/soc
Ertective fTow rate of gas into hot space, g/sec
Total windage power, watts

Gas cooler windage power, watts

s heater windage powers watts

Reacnerator windage power, watts
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WRS = brtective. TTow vate of gas through regencrator, a/see X
Wi = Wall thickness of displacer or hot cap wall, em 1
WID - Wall thickness ot eylinder wall, cm i

X o (TRU = 10+ o (TAT - 1) (R)cos (AL + KT ,

SN Coortficiont in heat transter corvelation, H - \k(N)N\

S s 1 (VD TAU

| Yo A () w0

s YR Factor in bquation 4-106 detined by bquations 4-10704-108 0 or 4104

! ' 1

' g o VD TAU , o e

| . “(V’tﬂ)(i‘ ‘.p’n"m) £ ETAL 4N : i
: /K = Factor in Fquation 4-100 detined in Table 4-10

21 = Comprassibility factor ; ‘
= 1 except for temperatures less than 208 - ‘ ]

| 4.3.7 Basic Power Output

* : Rasic power output .is the Schmidt equation or a numerical equivalent of the

- Schmidt equation which is discussed in Section 4.7, The basic assumptions for - L
the Schmidt equation are as follows: ,

' 1. Temporature in each gas space—is known and stays constant.,
DL vVariable volumes change sinusoidally with & tfixed phase angle N

oy batween the hot and cold variable volumes.

P 3. There is no pressure difterence between the gas spaces. :

S 3. ldeal gas law applies. S

ho _There is no leakage into or out of the working gas space,

Vo Assumption b is not trivial because a small leak can make a big difference in

! ’ Stirling engine performance. Assumption 4 is aood for heat engines.  Below !
A 70 K a compressipility tactor needs to be used,  Assumption 3 is not serious P

) for engine designs that would novmally be used. Assumption Dois onactly true P

i - For some.engines 1ike the Rinia type swashplate but it is quite tare oft tor P

4 the Rhowbic drive machine with its showt connecting rods, Tt is important Cg

to know. the phase angle between the Tive cold volume and the live hot volune, }

' Assumption 1 is not true.  The gas temperatures in the hot and cold variable :

volume spaces in the usual type of Stirling engine vary over a wide range :

! during vach cycle (see Section 4.1.5). Howover. for the dead volume frictions

| normally encountered in Stirling cngines, caleulations based on assumption 1

qive the right power output (see Figure 3-6). This basic power is determined

by the formulas given below for the ditferent types of Stivling engines.

».

i o mmrt ams

} Raste power formulas are now given in the unitorm capital Tetter nomenctature
o the tollowing ditterent cases:

'k .

chmidt equation - sinusoidal,y isothermad
1 alpha engine torm
bota engine toem

L gamma engine torm
inusoidal, non=isothermal
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Y. Non-Sinusoidal, isothormal
3.1 vhombic drive
3.7 double crank

4. Non-sinusoidal, adfabatic variable volume spaces
4.7 rhombic drive

4.3.2.1 Sclnide Fquations-Sinusoidal-Isothermal

4.3.2.1,1 Alpha,_Dhual Piston Form of Schmidt Equation

Equation 4-49 below is an adaption of Equation 4-45 to give basic power instead
of work .per cycle, It was selected because the- average pressure normally
specified can be used to compute the gas inventory by assuming that the displacer
and the power piston are beth at the wad-point of their stroke. That is: N

" Pﬁy_g (vl-m . VHL , VRD , vCD VCL)» (4-48

RIS (TR 1 To . 1o
Thus the basic power is: .

ap = N (KAP) (1= TAU) (sin (ALPH)) M(R) TC (440
(TAU + KAP_+ 28)\ T - (DEL)~ (1 +\7 = (DELIY). .

Alternately the basic power can be determined by first noting that the maximum
pressure is related to the mean pressure by the formula (73 j):

PMAX = oo TVE (450
V(1 - DEL)/(1 4 DEL)

Also.it is instructive to know that (73 j):

PMAX _ 1+ DEL
WIN S TTTRE (4-51

Thus-Equation 4-42 is transformed to:.

gp = NU(PAVG) (VIL)n(1 2 TAU)(DELYsin(THET) -
(KAP_ + 1) (1 +\T = (DEL)T)

4.3.2.1.0 Beta Engine Form, Schmidt Equation

For engines in which the displacer and the power piston are in the same cylinder
and have the same diameter the stroke of the displacer and the power piston
overiap and the displacer and power piston come very close at one point in the
cycle.  The basic power for this type of machine is given by the tollowing
equation:

ap = NU(m) (L~ TAU) (PMAX) (VHL)Ks TR(ALPH) TY - X1° (4253
A Y i (Vi‘ ] Yl')\“ Y § \' =

1o
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There is a_problem here in that Equation 4-53 calls for PMAX but PAVG is usually
specified. Use Equation 4-50 to. obtain PMAX from PAVG. Also, in.Equation 4-53
the dead volume is taken to have a temperature that is the arithmatic mean of
the hot and cold volume temperatures instead of the more caorrect log mean
temperature. : \

4.3.2.1.3 Gamma_Engine Form - Schmidt Equation

Note that Equation 4-54_has the same qualifications as Equation 4-53. Thus:

(4-54

3p - (W)(m)(1 - TAU) (PMAX) (VHL) (K)sin(ALPH) [Z"’”— x]“é
1.
7+ (22 - X2)? Z+X
4.3.2.2 Basic Power Assuming Sinusoidal, Non-Isothermal Processes
These

Most Stirling. engines have open hot and cold variable volume spaces.
spaces have so much volume for the surrounding wall area that they act like-
adiabatic spaces. E. B. Qvale (68 m, 67 n) takes pressure, temperature and

mass as independent variables. CFirst the basic performance is calculated;
second, the required displacements are found; and finally, the basic performance
is corrected for frictional flow losses and .finite heat transfer rates. His
basic performance is based on adiabatic variable volume spaces, no. frictiona®

flow losses and no temperature difference for heat transfer in the heat exchiangers .

and in the regenerator, but with dead volume within the heat transfer componente.
Because of the way Qvale has chosen the independent . variables, the analysis is
directly applicable to engine synthesis rather than the predictior of.the

performance of a given engine.

The author has diligently studied the abové references but he has not been. able
to follow it through well enough to uUse -these references or explain them to-
others. Qvale claims close agreement with experimental measuremenFS'on_the
Allison PD-67A Stirling engine (see Section 4.1). Qvale assumes sinusoidal

variations in mass.

4.3.2.3 Non-Sinusoidal, Isothermal

Pragtiea] §t1r]ing engines quite oftén have short cranks that lead to piston
motions quite far from sinusoidal. Also, the rhombic drive used in many Stirling.
engines is even mgre complicated because the cranks are eccentric and- top dead
center is not ]80 from bottom dead center. Means for calculating the basic
power for two important types of Stirling engines will -be given in this section:

1. Rhombic Drive - Beta Engine (Philips) ’
2. Crank Drive - Alpha Engine (United Stirling) . _

110
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30401 Rhompic-Beta (Philips tngine)

-—

The rhombic drive is commonly used on Philips Stirling engines,  Any other
schome that uses short connecting rods would also deviate signiticantly fron
stmple harvmonic motion, Figure 4=1% 2hows the position of the rhombus when
the cold Tive volume is at zero and at a maximum.,  Zero crank anale PHL is
wher the oranks are inward.  The rhombus is fully oxtended vortically and the
power piston and displacer are clesest togethor.  rom Figure 4-15:

A C{LERYTETECC - ROY (d-bb
B - (LCR)™ = TECEVROYT , (4-be
Theretore: '
VL = 2(A - B) J ((DeY)¥ - (DDR)-) (4257
In general for any angle PHI:
veLy = & ((00Y)” - (00R) ) J[(LCR) - (ECC - Rc)z‘ll"
- |(Ler)® - (Fec - RC cos ()| | (4-58

Figure 4-16 shows-the position of the displacer and cylinder wall and: cranks
at zero.and at maximum hot volume. From Figure 4-16:

0 = V{TER ¥ RO - (ECO)” (4-59
¢ = {ICR RO (RO ' (4-60

Tharetore:
VHL = (D1 - C) ‘i (pey) - (4-61

In general:
E = RC sin (PHI) (d-62
F1L o= (LERYT TTECS - RC cos (FRDD)T , (4-63
VHLX - (DCY)T (F1+ T - ¢) (464

These more complicated relationships for the hot and cold volumes make an
analytic solution impossible. Fortunately, a numerical solution is nol very
difficult. From the desired operating conditions for the engines set THo TC
and TR which is usually the log mean of TH and 1C. Also sot PAVG as the time
average prassure for the cycle o From the dimensions of the engine evaluate
and simplify the above equations ftor VHLY  and VCLX, It this calculation
is to be pertormed by hand; evaluate VHLX and VCLX  for PHL 0y 300 ol
330, 3609, Then compute VT oard P by the rollowing equations:

ViE o VHLYX ¢ VHD (40
Ve VCLX + VCD (-t
T
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VI VH ¢ VE 4 VRD (40}
L MRY -
) SO TN o Sl \ AN
Pl e v (4-08
1H R TC
caleulate the moan prassure by:
PHT o
iy
M \, LA P O (60
=
PHT 30
The desired MR) to meet the.specifiad PAVG iz given byv:

~ PAVGE

M(RY = ™ {(1-70

The pressures in the engine. PO at caeh PH1 to cause the spocitied PAVG to be
correct are -determined by
" PAVG .
PC o= Pl ‘ - d-71
¢ (T‘M\ \-
VT is plotted against PO This work curve is integrated numerically to obtain
the work output, 8% should be added to the calenlated volume to make up for
the error involved in using only 12 points for integration (see Section 4.2).

During the caleulation of the basic power. it is also dmpartant to calculate

the mass distribution of gas between the.hot spaces, regeneratar and cold spaces
assuming @ constant pressure during each instant of the cvele.  from the pertect
gas equation:

. PVHY PSVRD) PLVCY - ATy
N U I T M TN T (=71
in in in -
hot  rvegenerator.cold
space space space
1 =FH ¢+ TR + RC (4-71.0.

The tirst and third of these fractions are evaluated and are used to compute
the mass flow thiough the regenerator, heater and cooley,

4 b -\ A \
e N

Crank Prive-Alpha tngine
Thy current Unitad Stirling engine (see Section 3.0 uses 4 double-acting
pistons in a Rinia arvangement with cranks using short connccting rads operating
cach piston,  The analysis below will be for  one quarter of the total enaine,
Figure 4-17 shows what is being analyzed. For any anate PRI the heiaht ot the
piston above bottom dead center I8

AU G LCRYY - ((RC\”Eih’(PHI\\T

- LCR + R¢

- (RCY cos (PHDD

e < iy T
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: M Therefgypa the hot 14 e volume jg, -
' }
| VLo (0CY)(2(ke) . X1) (423
" and Lhecoiy4 Tiye Volume jg f
- !
.\g VCLx = é’- ((pcyy» . (DDR)'-’)(XZ’) (4-74 1
Where . ‘
P X2 < \ITER) TR )"?{‘n“(P‘H“‘I‘T"A‘L‘P“H“J " - RC cos (pyy + ALPH) :
f = LCR + ge (4-75 1
4
2
, ; VH]
| { - DDR
f , Vel x
i
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Tg§ﬁ | Next, Equations 4-65 to. 4-71 are employed to calculate the work diagram in the
_'éﬂ b same way as was done for the rhombic drive. A numerical integration.of the work
AR diagram gives the work per cycle. A 12 point per cycle integration is 4.5% Tow.

To get the power for one power unit of.the four in.the engine, one must mu]tjp1y
this integral by the engine frequency in cycles per second to obtain the basic
power in watts.

5} | Here also the mass fractions in the hot, regenerator and cold spaces are com-
£ | puted by Equation 4-71.1. Note that these fractions depend upon the geometry..
and the temperatures but do not change with pressure..

4.3.2.4 Non-Sinusoidal, Non-Isothermal

-~ After Qvale's work for Professor J. L. Smith at M.I.T. mentioned in Section
4,3.2.2, Rios (69 am, 69 o) expanded the work using the same general assump-
tions. However, he is able to start with a specific engine with a crank-
connecting rod drive mechanism. He was able to solve the differential equa-
tions and integrate numerically to an overall steady state. He built his own.
cooling engine and was able to closely predict its performance. The author
has studied this work at some length and-he has a 1isting of the associated. .
computer program but.has not yet put it into operation,

An extension of the computational method described in. Section 4.1.5 will now
be presented as it applies to a rhombic drive beta type engine. This calcula-
tion procedure is .not practical to compute by hand, but it can be done in a
few minutes with programmable hand-held calculators.

The computational procedures given.in Section 4.3.2.3.1 are followed up to
Equation 4-64. Then the pressure for M(R) = 1 at any angle PHI during the
cycle is given by:

1 (4-76

VHLX _ VHD , VRD veD , VCLX

THS © "TH = TR. 1C " T1CS
where THS. and TCS.are theé hot space and cold space temperatures. Start at
PHI = O with THS1 = TH and TCS1 = TC. Compute P by Equation 4-76 and =i} 't
P]. Let VHLX, and VCLX at PHI = 0 by VHL1 and VCL1. At, say, Pri = 3u¥ com-
pute VHL2 and VCL2 using Equations 4-64 and.4-58, respectively. -1n other
words, for the first calculation:

P =

L 1
Pl =yqr VD, VRO 5 VCD , Vil (4-77
B A O (1

For the second calculation:

1

1 P2 = (4-78
VHL2 VCL?

- THS?2 + K1 + TS

; Where:

; _ VHD , VRD , VCD
| Kl=Sg+T*7C (4-79

which is always constant. Also for the adiabatic spaces:
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| THS, /pm b TeSn rpoyE |
| e () aiso ¥ (55) (4-80 -
Where Ei=-&“}—£'and K = Cp/Cv = 1.404f0r'hydrogen450 £ = 0,286,
’ Substituting Equations 4-80 int0‘4-78:
3 1 i
Jo B BTV R e . coimns -
! ‘ Pl-. mm‘vﬁﬁik . Kl . VCL2 (4 81 N
o WL o paE |
(5 ()
The only unknown in»Equation 4-81 s P2. A solution jg made by the secant
method of approximation Or some othap Successiye approximation me thod like
Newton 's method, P2, THS2 .and TCS2 are calculated., The thirg Pressure ip
the series i calculated by: k
- 1 A ;
- P TR (4-82 f
. i !
B where jf VHL3 ~ VHL2: x
1 , ) .
* e 2 YﬁQ:JﬁEE. [+
| THs2(53) TH(E3) o
; “\p2 Pz
: Or If VHL3 < yho.
; . XH = "*“YH~Q*E‘ ,
= P3 -
NN THs2(33) it
1 In the same Way, if VCL3 > yeLo. ; :é
f le' XC - _ VL2 + VCL3 . vc&g . P
R wolP3 P3 !
| Tes2(p3) e () §
S Or If VLI ¢y, ‘
f e N3 |
Il Tes2(p3)
Now in Equatigy 4-82, P3 is the only unknown and it js solved as before, f
Then the mixed meap gas temperatures are found by: - ' Ai
THs3 = WHLS Tes3 = YELS (4-83 : .
where X and XC ape Calculated by whichever equation abOVeﬂapplies. !l !
I E
From Therement to increment in PHI as the calculation Progresses tpig method . ‘
takes into account that when gas i leaving & variable volunie space the temp- a E
; in that Space simply obeys the adiabatic compression and exp
" hand it gas is entering the variable vo Tum

ansion Jay,

e Space the o1y gas
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tomperature changes acearding to the adiabatic Taw tfrom the provious gas tonp-
avatince,  The new gas tamperature changes: aceording to the same Taw but trom
thoe ontering gas temperature,  Then thore is o mixing at the-ond of cach in-
crament to get the mixed mean temperature for the next increnent.

This computational process is continued tor two or more cycles until the
prassures and temporatures start.to repeat with adequate accuracy.  This com-
putational procedure is stable at any angle increment,  Smallor angle incre-
ments give more accurate results,  For a particular case the effoct of smaller
angle incraments should. be ovaluated to determine at what point adequate
aceuracy is obtainod.

)

4.3.3 Fluid Friction Loss  — —

The basic power is. computed as it there is no fluid-friction. Energy loss due
to tluid friction is deducted firom the basic power as a small.perturbation on
the main engine process. It fluid feiction consumes a large tfraction of the
basic power the following methods will not be accurate but then one would not
choose a design to be built unless the fluid triction-were-less-than-10%-of
the basic-power,

Fluid friction inside the ongine can be computed by published correlations for
fluid tlTow through porous media and in tubes.  These flow firiction correlations
are applicable for steady., tully-developed flow. It the fraction of the gas-
inventory found in the het spaces and in the cold spaces is plotted against
crank angle, it s apparent that to a good approximation this periodic tlow can
be approximated byw(ls steady flow. in one divection, (2) no flow for a poriod
Of time (3) then steady flow back ¥n the other dirvection, and (4) then no flow
to camplete the cycle. (Sce Figure 7-1.)  The mass flow into and out of the
regenarator is not quite in phase due to accumulation and depletion of mass in
the regenerator.  Note that the mass tlow at the cold ond is much wore than the
mass tlow at the hot end mwostly due to gas density change.  The AVerage mass
flow rate and the average fraction of the total cycle time that gas is flowing
in one divection at the hot ond of the regenerator is used for the heater t1ow
friction and heat transfor calculations. - The average mass flow rate and the
average fraction of the total cycle time flowing in one divection at the cold:
ond of the regencrator is used for the cooler flow triction and heat transfor
caleutations.  For the vegenerator the mean of the above two tlows and ofthe
dbove two fractions will be used.

The abave decisions are approximations. In the future the author hopes to
determine how good these approxiaations are by comparing them with more laborous
but more exact caleulations, -

4.3.3.1 Regenerator Pressure Drop

M e ke e e e m n aeam e 2 e

4.0, 1.1 Scoreens

Nays and London (ud Toopo 33) give the formula tor pressure drop through o
matrix as-would be used for a regenerator:

e e A P L e ——— . s
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DELP = QI'GC%R'H'()‘D‘_ <1 +(AT)><RH02 1> * TRITRAOM (4-84

Core
Friction
The flow acceleration term can be ignored in computing windage loss for the
full cycle bécause the flow acceleration for flow into the.hot space very
nearly cancels the flow acceleration for flow out of the hot space. With this
simplifying assumption, the pressure drop due to regenerator friction is:

_F(G)? L
D = -
DELP. = > &CT) (RHY TRHOM) (4-85
In the above equation the friction factor F-is a function of the Reynolds
number, RE = 4(RH)G/MU. Figure 4-18 shows the correlation for stacked. screens
usually used in Stirling engines. HNote that the relationship is dependent
somewhat on the porosity. Since this calculation is already an approximation it

is recommended that a simpler relationship be used more adapted to use in simple
computer programs. For RE < 60 let:

\ Flow Acceleration

log F = 1,73 - 0.93 10g/RE) (4-86
For 60 < RE < 1000:
log F = 0.714 - 0.365 1og(RE) (4-87
For RE > 1000:
log F = 0.015 - 0.125 l0g(RE) (4-88
This relationship is shown by a dashed line in Figure 4-18.
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Figure 4-18. Flow Through an Infinite Randomly Stacked Woven-Screen Matrix,
Flow Friction Characteristics; a Correlation of Experimental
Data from Wire Screens and Crossed Rods Simulating Wire Screens,

Perfecg Stacking, i.e., Screens Touching, is Assumed. (64 1,
p. 130
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Finally, the viscosity of the gas must be ovaluated,  tor hydrogen:
MU = B, Z3 N 1078 40,000 8 107U (TR - aa)

(4 89
LI~ 0T (PAVG)
For el tum:
JUNEES U8 NS (U IR TS I TURN A F IR K (490
= 0,093 ~ 107Y(PAVG)
For aiv:
MU= 18104 8 1070 4 05368 WTO(TR - 20d) (491

1002~ 10T (PAVG)

This data is from American Institute of Physics Handbook, Und Fdition, pp. 3-007,
Table 4-7 tabulates the data also.

Table d-7 .

Viscosity-of Working Gases
g mass/om see ot

PAVG - 10 MPa
TR Hydrogen Helium Air
N NN e
300 013 1070 Logd « 107" 1.a70 « 107"
400 1113 ~ 107" Yo4og 107" AN
500 1,313~ 107" 2,913 8 107" 3061 N 107"
GO0 1,613 ~ 107" 3,377 ~ 107" 537 < 107"
7000 1713 ~ 107" 3840 ~ 107" AU AR T\
800 1,913 ~ 7" 4,304 N 1070 3,660 107"
1000 2,313 107" AR W3 N 107"
1200 2718~ 0" 6.160 ~ 107 6,803 < 107"
1500 3,313 ~ 107" 7.550 8 107" U TSN T
2000 4,313 ~ 107" NI VAN T BT ORI Tt
2500 R TRIN T Lo~ Lar? « 100
2000 G.313 S 107 bl ~ 107 IR BN T TN (N

IR
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4.3.3.1.,2 lots

Besides Screens, the other
the s]ot, This

laminar region,

er pressure drops are usuall
regenerator, Heaters ang coolers are usual
an annular gap is practica] for sma?

drop through these heaters and cocle
-determined from the fanning friction

being evaluated at heat soyrce or hea
to diameter ratio 1

Y small i

'S are dete
factor plot (
t sink temper

n.comparison with the

1y small diameter roynd tubes although
1 engines (see Section 4,

- Pressure
rmined by Equation 4-85 with F

see Figure 4-19)

3.3.1.2)

and RHOM-

ature and at PAVG. The length...
0 1s usually very large so for simple programs let: .
For RE < 2
F=16/RE (4-93
For RE > 2000. ‘
Tog F = 1,34 - 0.20 Tog(RE) (4-94
XN T T TT— L
Ny< 2,000 Ne>10,000 - — O
Heating Cooling Heating Cooling
1.35 1.35 -0.10 0.0
30 40 3p gp jeb 00 0 200 300 4gp %0
Figure 4-19, Gas Flow Inside Circular Tubes with Abrupt Contraction Entrances ;
a Summary of Experimental and Analytical Data, (64 1, p, 123)
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4.3.3.3 Heater };L'J.d..C'-_‘:f.l*e_'i’-_ﬁteé;ilﬂjﬂﬂi’ﬂ;.l.'l.t.@!“_]}is‘.vjll.ﬂ_fi'_@. (sce Ref. 77 n)

One of the advantages of this type of heat exchanger is that the gas flows into
it rather than through it. Also, it is rather complicated because the floy
Passage area changes with the stroke. Experimental data are needed. Byt before
these can be obtained, an approximate theory is presented in the interim. One
of the best typas of interleaving fins.is the nesting cone because the cone
like the tube can have-a thin wall and heat can be added and removed directly
from the outside of wle cone. Assume that the effective average flow rate
takes place in the gap between the cone and its mate at mid-stroke at the point
where the volume of the gap beyond this point is eaual to the volume of the

?ap u? to this point. Also assume that the friction factor is the same as

or slots, :

4.3.3.4 Heater, Cooler and Regenerator Windage Loss

Since the gas flows through these parts twice per cycle, the windage loss in

the ‘heater, regenerator or cooler is determined, approximately from the computed.

Pressure drop by the approximate formula: . .
WP = (DELP)(VHL)Z(NU) watts (4-95

4.3.4 Mechanical Friction Loss.

Mechanical. friction due to- the seals and.the bearings is hard to compute reliably,

It essentially must be. measured. However, if the engine itself were used, the
losses due to mechanical friction would be combined with power required or
delivered by the engine. If indicated and brake power are determined then
mechanical friction loss is the difference; that is, Wg - Wr using the nomen-
clature from Figure 4-12. The friction loss. should be measured directly by
having the engine Operate at the design average pressure with a very. large dead
volume so that very- little engine action is possible. The engine need not be
heated but the seals and bearing need to be at design temperature.

4.3.5 Basic Heat Input

The basic heat input of. an engine using the second order approximations is the
basic power output divided by the Carnot efficiency for the assumed gas temper-
atures for the heater and cooler spaces. Therefore:

TC

BHI = BP/(1 - +%) (4-96. ..

TH

This basic heat input must be transferred through the gas heater of the engine.
Also the heat needed to supply the reheat loss must also be transmitted through
this heater, Therefore, after the computational process is gone -through once
there must be an adjustment . downward in-the effective hot gas temperature and
upward in the effective cold gas temperature to allow for some effective tenp-
erature drop in the gas heater-and gas cooler. These new' temperatures for the
hot space and cold space would change many of the calculations performed the
first time around. Particularly it would change the basic heat input because
of their direct effect on the Carnot efficiency. It has been found that this
procedure is rapidly convergent,
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4.3.6 Reheat LOSS

One way that extra heat is required at the heat source is due to the ineffici-
ency of the regenerator. The regenerator»reheats.the gas as it returns to the
hot space. The reheat not supplied by the regenerator must be supplied by the
heater as extra heat input. Figure 4-20 shows how the gas temperatures vary

in the heater, regenerator, and cooler during flow out of the hot space as well
as flow into it. Note that at inflow, the gas attains cooler temperature, then
is heated up in the regenerator part way. The temperature difference, A,
between the heat source temperature and the gas entering from the regenerator
is then multiplied by the heat capacity, the effective flow rate, and the
fraction of time that this gas fis flowing, to obtain the reheat 10ss. The
methods derived from the literature and from the author's own practice are
given below. The formula. for reheat used by the author st

Effective Regenerator-
Flow Rate Ineffectiveness
QRH = FCT (WRS) (CV) (THM - TCM) (FﬁTﬁrfrTﬂ (4-97
— -—_"_—-—;———qf—‘_—l
Fraction Heat Temp
Time Capacity\_’___él_‘/___’____d
Flowing - "
Into- Hot A
Space
REGENERATOR
HEATER e COOLER
—————

|

Figure 4-20. Reheat LoSS.
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Fach oloment in bgquation 4-07 is a Lype of an approximation,  The frdutiqn
of time tlowing into the hot space is estimated by oxtrapotating the maximum
flow into the hot space to the total flow to find the fraction of the total
eycle time that this process would occupy. i1 the flow rate were always at i
maximm valtue.  This fraction, FCT, tiens out to be about one-thivd,  FCT wi
bo taken as 173 40 an analytical Schmidt cquation is ased.  If a numerical
procedure is used, FCT is compuied by tquation 4-102.5, The effective flow
rate then is dotermined by the flow through the regenervator, WRS (sce bguation
4-101 or 4-102.0).  Nedither heat capacity CV or CP is strictly corvect, More
complicated analyses can take into account more rigorously the effect of
pressure change during gas flow through the-regenorator (75 ag. 77 bl).  The
rationale for using CV.in.Equation 4-97 is that the transfer of gas takes
place whon the total volume is relatively constant. - However only a smaill
amount of the total volume is in the regenerator at any one time. A bottor
equation sugyested by LeRC during review is probably:

o1 LGRS VP Y (THM = TC VRD(CV) (PMAX - PMIN) [ 2
QRH = FCT{(WRS)(CP)(THM - TCM) - <»—‘“S'Rm)‘§‘r'c‘r)\“'/"NU""‘“‘)‘l (o '3) (4-97.1

This point deserves further study because QRH is quite often the chief loss
term,

ts
IR

The temperature difterence A in Figure 4-20 is vepresented by the total temp-
erature difference between the hot metal and the cold metal times the regenera-
tor ineffectiveness., This ineffectiveness is one minus the eftfectiveness of
the regenerator material (see.Equation 4-7). This formula for ifneffectiveness
agrees with the simple equations in earlier standard references on regenera-
tors such as Saunders and Swoleniec (51 q).

The idea of separating power output and the heat losses into a number of super-
imposed processes has been used by a number of investigators of the Vuilleumier
cycle.  The details of this analysis have been given in-a number 2f government
reports.  The Vuilleumier cycle is a heat operated refrigeration machine which
uses helium gas and regenerators very similar-to the way the Stivling engine is
constructed,  This super position analysis has worked well in VM cycle machines.
In an RCA report (69 aa. pp. 3-37) the measured cooling power using this method
of analysis-was found to be within 8.9% of that calculated.  Crouthamel and
Shelpuk (75 ac) give the following formula for the veheat loss after it is
translated into the nomenciature used in this section, -

[}
NTUP )
Pquation 4-98 is written in the same order as tguation 4-97 and theretfore can
poodivectly compared,  The tievst term, one quarter, is specific tor their
particular machine and theretfore needs to be evaluated for anothor type of
machine.  The tlow rate is cvaluated in the same way, but the heat capacity is
ditforent.  Probably this can be Justiticod to be CP instead of CV because the VM
cycle machine underaoes a velatively small change in pressure during its cyvele,
Also, the distinetion between metal temperatures is also relatively small at
this stage of analysis,

QRH (%) (WRS) (CPY (THM - TCM) | (4-98
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peat loss which he abhtains trom
the above except that the
cactticieont tor

Ronald White (7o 1) aives an pquat fon tor e
R, oo (71 p0), LS qenerally ot the same form as
rogenaratoy o ficioney.is determined by using the heat transter
the flow out as well as for the flow in. The oo equation is:

\ S A ) 1 Ao
QR - (1 = LTCR(THN ~10M) ('MA*QR(%§#§%¥?%(N‘~ (4-98.1
Whore: . ‘ .
. R g
EU YO0 RYE HR(IR)(Cgl)(GI\(RH) LR (eroy(eoyir (A

Lo states in recont correspondence that these equations are usad tor small
crank angle incraments and. then sumed.  They cannot be used a5 an overall
cquation for one full cycle.

In Equations 497 and 4-98 the number of transter units in the rogenorator must

be evaluated.  Now:
. ©H(AHY) : H{ANT) ‘
TR A WAL IF N TARETELAA CA- A =00
NTUV (NPQ\,(LV) g NTUW (\\'Rb)(lp) ( N
This usetul dimensionless group is made trom a hoat transter coeticionty He a
heat trans fer ared. AHTL mass. Flow rate. WRS, and a heat capacity. CV oor ¢F,
Moans for evaluating these components will now bo given.

Hoat capacity is a function of temperature.. In the units being used in this
manual < heat capacities ave given.in Table 4-8.

Hoal transfor arga for seroeens is detemmined by the. formula:
At L (MSHY CTH) (DR) -~ (NR) (NSY e (4-100

The hoat transter-areda.tfor.a single or-multiple annulus or another type or
regenerator can be caleulated similarly.

In reality the mass rlow rates through the regenerator-are continuousty varying
and are quite difrerant at one end of the regencrator than at the othor.,  As
eanplained in Section 4.3.3 a qood approvimation of the flow rate through the
regenarator is two periods of steady flow botwoan twe perioads of no o flow.  For
design procedures that use a Schiidt equation, it is assuted that the tTow time
in one direction is one thivd of=the cycle time.  The following fermula is used
to caleulate WRS in provious cquations.,

WRS VHE(3 NIDRHOM g/soc (4-101
whore the mean gas density s evaluated by the formula:
RHOM QL4 (PAVG) 7 (TR)

For-computat fons using o numerical intearation, it is possible to compute the
mass distribution at each point in the cyele. Then araphically o numericatly
the steady mass flows and times can be determined tor both ends of the regener-
ator,

The eftective fraction of the total cycle time ctoady flow passes in one divec-
tion through the heater is:

e M
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Table 4-8
Heat Capacities for Working Gases, .J/g K ) ]
Temperature . Hydrogenl He]ium1 Aiv”®
M_ . K CP cv CP - cv I .
298.15 14.31 . 10.18 5.20 3.12 1.0057 0.7188
400- 14.50 10.37 5.20 3.12 1.0140 0.7271 ¢;
500 14.52 10.39 5.20 3.12 1.0295 0.7426
600 14.56 10.43 5.20 3.12 1.0551  0.7682
700 14.62 - 10.49 5.20 3.12 1.0752 0.7883
800 14.70 10.57 5.20 3.12°7  1.0978 0.8109 !
1000 14.99 10.86 5.20 3.12 1.1417 0.8548 :
1200- 15.43 11.30 5.20 3.12 1.179 0.892
1500 16.03 11.90. 5.20 3.12 1.230 0.943 '
2000 17.03 12,90 . 5.20 3.12 1.338 1.051
2500 17.86. 13.73 5.20 . 3.12 1.688 - - 1.401 N
3000 18.40 . 14.27 5.20 3.12 . - .ﬁ
1From Americar Institute of Physics Handbook, Sec. Ed., pp. 4-49. ij
2From Holman, J. P., "Heat Transfer," Fourth Ed., p. 503, McGraw Hill, 1976, ;5
FCTH = (FCT1 + FCT2)/2 (47102.1 j;
The effective steady mass flow rate for the.heater is: Ly
' _ (FHMAX - FHMIN)M(MW) 11022 ||
WHS = FCTH/NU (4-102 ;i
The effective.fraction of the total cycle time steady flow passes-in one direc- L
tion through the cooler is: é
FCTC = (FCT3 + FCT4)/2 (4-102.3 ;
The effective steady mass flow rate for the cooler is: }
_ (FCMAX = FCMINIM{MwW) 4-102.4 g
WES. = FCTC/N ( |
Thu=z for the regenerator: % !i
FCT = (FCTH.#.ECTC)/2.. e (4-102.5 1
and i
WRS = (WHS + WCS)/? (4-102.6 ;
The heat transfer coefficient is derived from Figure 4-21. For instance, for - 5
a porosity of (1 - .286) = 0.717 the equation is: ‘
1 4 |
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i Figure 4-21.-.Gas Flow Thr

K

ough an Infinite Randomly: Stacked Woven-Screen- .

! Matrix, Heat Transfer Characteristics; a Corrvelation of ! ;

1 Experimental Data from Wire Screens and Crossed Rods p

) Simulating Wire Screens.  Perfect Stacking, i.e., Screens ; -
o Touching, is Assumed (64 1, p. 129). : ! .

i where the Reynolds number, RE, is the same as that us

and the. Prandtl number PR = CP(MU)/KG). P and MU ha

ed in Section 4.3.3.1.1-
KG and PR are given in Table 4-q,

ve been-given previously,
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In a Stirling engine the regenerator
oscillation out of phase with the gas

in the above equations. Bjorn Qvale (6o n) has developed
} 5 takes this pressure wave into account.  He assumes: that pr
L variations are sinusoidal, He assumes that the matrix tem

sible by-a second order polynomial in X, the distance alon
He also concludes -that, 1) fluid friction has negligible e

of the gas in the regenerator, 2) tphe gas and matrix temperatures at- one location i
are practically constant with time, 3) the- difference between the gas.and

matrix temperature is small compared to the longi tudina) temperature ch
and, 4) the effect of Tongi tadinal conduction i

S negligible on the heat co
| transfer process. He starts out with equations representing conservation of -
Lo momentum, mass-and aenergy and the equation of st

is subjected to an import

ant gas. pressure
flow oscillation th

{
J

at has been evaluated _ ,
an-equation that .
{
{
{

essure and mass 1oy ’
Perature is expres-
9 the regenerator, ‘
tfect on ‘the state !

ange !

ate.  He concludes that:
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’ Thevmal Conductivity, NGy w/em KN
. Prandtl Number, PR, dimens fonless
| ; 10T atm pressure
.t ~
! K '
I Temperature 1 Hydrogen 1 Heldum.... 1 Air
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gut = CPUMANTLAR) L 2 B0 N (4-105
! (C20)(YLYE .+ (CRLY(YL)
2000 (3) - 1) 4 (€1 = AL ((YL)? cos (THT)
[ - rl ’ o
+ cos (THT).= (A1) (TAUL )) ;
where:
MDA = amplitude of the sinusoidal mass velocity at inlet,
(X = 0) of regenerator, g/sec cm”
Tl. = gas temperature at inlet, hot, end, K
T2 = gas temperature at outlet, cold, end, K
OMG = frequency of operation,radians/sec
= 24(NU)
1T_2 1" ANV o
B(M", N") = 2 /sinzb -1 " cos“N 1 p" de"
0
M" = (3 - NX)/2
"oz
(Note Qvale's thesis, 67 n, gives a value of NX = 0.59 and B(M", N") = 1.79.)
NX = exponent in correlation for the heat transfer coefficient
in form H = XK(N)Nx
W =mass flow rate, g/seq
€2 = (XK)(AHT)/{(CP)(MDA) (AFB)»
- C20 = C2 with XK) MDA and N evaldated at inlet, hot, conditions
C2L = C2 with XK, MDA and N evaluated at outlet, cold, conditions
YL = ratio between the maximum mass flow rate at the end of the
regenerator to that at the beginning of the regenerator
= vI = 2(AT)(TAUL) cos (THT) + [AT{TAUL)F
TAUL = 2/ ((T2/T1) + 1
AL = (OMG) (L) (PA)/ ({MDA)(R)(T1))
L = length of regenerator,cm
PA = amplitude of sinusoidal pressure swing, MPa
THT = phase angle between pressure and mass flow at hot end of
regenerator, degrees
Cl = Al (Cv)/(cCP)

There is some doubt that Equation 4-105 is interpreted correctly. .At a number
of places quantities were undefined and guesses had to be made. Also Qvale's
thesis (67 n) gives almost the same formula but would predict QRH one half
that in Equation 4-105. A Tetter from Qvale says Equation 4-105 is correct.

[f the .power cutput for a particular Stirling engine-were evaluated by a numeri-
cal method which also gives the pressure, and the mass flow at the hot and cold

ends of the regenerator, then one would have the information necessary to sub-
stitute into Equation 4-105 and obtain an answer,

Qvale compared his theory with the experimental results on a cooling engine
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done by Rea. (66 h) and predicts the ineffectiveness and therefore the QRH ..
within + 20%.

Rios (&9 ar), as was mentioned previously, calculates a work.diagram assuming
adiabatic hot and cold spaces and any form of volume change with time that
can be specified. His reheat loss uses 4 quantities that are calculated when
the work diagram is calculated by the computer program.

4.3.7 Shuttle Conduction

Figure 4-22 shows how shuttle conduction works. Shuttle conduction happens
anytime a displacer or a.hot cap oscillates across a temperature gradient. It
is usually not frequency dependent far the.speeds and materials used in Stirling
engines. The displacer absorbs heat during the hot end of its stroke and gives
off heat during the -cold end of its stroke. Usually neither the displacer nor
the cylinder wall change temperatures appreciably during the process. Shuttle
conduction depends upon the area involved, the thickness of the gas filled gap,
GR, the temperature- gradient (TH-TC)/L, the gas .thermal conductivity, KG, and
the displacer stroke, SD. It is also dependent on the wave form of the motion
and in some cases, upon the -thermal properties of the displacer. and of the
cylinder wall. Al11l. formulas in the literature are of the form:

_ (YK)(ZK) (SD)2(KG)(THM - TCM)(DCY) .
The quantity ZK depends upon the type of displacer or hot cap motion, and YK
depends upon the thermal properties of the walls and the frequency-of opera--
tion. Table 4-10 shows the results of a literature survey for ZK. Note that
there is a substantial disagreement about what ZK should be.for the sinusoidal
case. The author has derived the lower-value and he would recommend it. This
value, m/8&, agrees with Rios but does not agree with Zimmerman. However,
there are no data that would lay the matter to rest.

Rios. has published values for YK to take into account the effect of frequency
or wall thermal properties which are sometimes important.

In Rios'.Ph.D. thesis (69 ar) he gives:

2(L1)2 - L1
vk = BN 4L (4-107
KL fomMa)(GR)2
Ll = xg S‘T(HTLTM

where —

K1 = thermal conduCtivity»df piston or displacer, w/cm-K
TD1 = thermal diffusivity of piston or displacer, cm?/sec
(k1)
RO1)(CP1
RO1 = density of piston or displacer, g/cm3
CPl =

heat capacity of piston.or displacer,.J/g:X .. .. .. .. ..
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b Later Rios modified his theory to take into account the thermal properties of
L the cylinder wall as well (71 an). The new theory gives:
oo
b -1 _Lp 108
ey (410

|
r,

K6 =.GAS THERMAL CONDUCTIVITY

. - DISPLACER AT BOTTOM
& OF STROKE

N

DISPLACER AT S
TOP OF STROKE

Figure 4-22, Shuttle Conduction._____




Table 4-10
Coefficient fovr shuttle
pduction pquation

Heat CO
f Walls)

(Xgnoring gffect ©

Square wave ‘2
time at one end, Crouthame\ &

shelpuk

g Reports, never pub\ished

i (1) Mcbonnel? bougla




“where:

LT1

LB

LT2

TD2

=1 %

1}

]

LK6 (LT
27 &R\

Temperature wave length in cylinder wall

thermal diffusivity of the cylinder wall, cm®/sec (defined

)
MG ~ T
same as TD1)

Typical Temperature Wave .Lengths,
LT, at Room Temperature Conditions
Rios, 71 an

the thickness of the cylinder wall.

LT2)

" X2

Temperature wave length in displacer

Table 4-11

Reference:

Centimeters

The above. factor applies. for simple harmonic motion and for engines in which

LTl is smaller than the thickness of .the displacer wall and LT2 is smaller then
Rios. gives equations for solving the problem
for any periodic motion by using of Fourier series expansion.. To help determine
whether the above factor applies, Rios gives some typical values of LT at room
temperature (see Table 4-11).

Frequency, HZ
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YK

1

S TE(saMe

‘Material 1 2 5 10 - 20 50
Mild Steel 1.21 0.86 0.54 0.38 0.27 0.17
Stainless Steel 0.74 0.53 | 0.33 0.24 0.17 0.11
Phenolic — 0.85 0.60 0.38 -{ 0.27 0.19 0.12
Pyrex Glass — 0.26° 0.18 0.11 0.08 0.06 0.04

If the wall thickness is considerably smaller than the temperature wave length,
then it may be assumed that radial temperature distribution in the walls is
uniform.  Rios (71 an) propeses the following definition of YK for this-case:
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1 SGM = (KGi%SD} ( 1 4 1 )
P GR)(OMGY \ {ROT)(CP1)(WT1) "TRO2Y(CP2) (WT2)
; and: . s
, 1
WT1 = wall thickness of displacer, cm ‘
WT2 = wall thickness of cylinder wall, cm

Note that when the thermal properties of the wall do not matter, YK

whether evaluated by Equation 4-107, 4-108 or 4-109 would all evaluate to nearly o
1. There is not any published formula that treats the case of cylinder and c ]
displacer wall thickness of the-order of the temperature wave length. There are ‘ j
also no published formulas for the case of a thick cylinder wall and a thin dis- | '
| placer or visa-versa. For horsepower size engines Equation 4-108 will apply. . 3
ah For model engines or artificial heartengines Equation 4-109 will apply. .
' Therefore, for horsepower size, high pressure engines the recommended equation
for shuttle heat conduction is:

/1 +1LB SD) 2(KG) (THM - TCM)(DCY) . .
QSH = (1 7 (LB)Z)‘g( ) )(éR)(LD) At (4-110

For model size engines using low .gas pressure and very thin walls: ;
- 1 \m-(SD)2(KG)(THM - TCM)(DCY) 1
ash = (13 (SGM-)2>8 (GR) (LD) (4-111 N

It also should be emphasized that Equation 4-110 and 4-111 are -for nearly
sinusoidal motion of the displacer or hot cap. Square wave motion would double
this result. Ramp motion should reduce this result some.
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4.3.8 Gas and Solid Conduction

This heat loss continues while the engine is hot, independent of engine speed.
It is simply the heat transferred through the different gas and solid members l
|

between the hot portion and the cold portion of the engine. Heat.can be trans-

ferred by conduction or radiation. In the regenerator the gas moves, but -under
] this heading the heat loss is computed as if the gas were stagnant. In

1 Section 4.3.6, the.reheat loss is computed assuming there.is no longitudinatl

conduction.

The uncertainty about what thermal conductivities and what emissivities to.use .
to evaluate this loss makes its measurement with the engine desirable. In S
some engines the hot and cold spaces are heated and- cooled c¢irectly. In this L
case measuring the heat absorbed by the cooling water with the engine heated o
) to temperature but stopped will give this heat loss directly. However, all. ) /i
the horsepower-size engines described in Sa~tion 3 have indirectly heated and. L,

, cooled hot and cold gas spaces. For this case the sum of the gas and solid | ‘
&l conduction and- the shuttle conduction can be determined by measuring the heat .
absorbed by the cooling water for a number of slow engine speeds with the.
engine heater at temperature and then extrapolating to zero engine speed.

e i N i - Y P . -
a it ot IR i 5 ot T T P M 2 Sl e e 3 e il kSR e TR i

- pr

=

133




—~

l

L
—i
e
e e d
ey
—
-
T A

- —

—~—

|

'“_ 1

4, Radiation along a cylinder with radiation shields.
Solutions to each one of these problems will now be given.

4.3.8.1 Constant Area Conduction

Heat 1oss by conduction of this type is computed by the formula:
QC = KG&AHT)(IgM-- TCM) - (4-112

where the thermal conductivities areas and lengths.are germain to Path.3 and 4a
above, KG is evaluated at mid-point temperature. (See-Table 4-9.)

4.3.8.2 Variable Area, Variable Thermal Conductivity

For one dimensional heat conduction where the heat transfer area varies con-
tinually and the thermal conductivity changes importantly, the heat conduction
path is divided into a number of zones. The average heat conduction area for
each zone is calculated. The temperature in each zone is estimated and from
this estimate a thermal conductivity is assigned. Figure 4-23 gives the thermal
conductivities.for some probable construction materials in the units used in
this manual. It should be noted that there is quite a variability in some
common materials like low carbon steel. .Measured thermal conductivity different
by a factor of 3 is shown. Differences are due. to heat treatment and the exact
composition. With commercial materials having considerable variability, it is
strongly recommended that the static heat loss-be checked by extrapolating the
heat requirement -for the engine to zero speed.. This number would then need

to be analyzed to determine how much shuttle heat loss is also being measured
and how much is static heat loss.

For purposes of illustration, assume 3 zones are chosen along a tapered
cylinder walt. (See Figure 4-24.) Temperatures TA and TB must be estimated
between TH and TC to start. The heat transfer areas AHTH, AHTB, AHTA and AHTC
are computed based upon engine dimensions. The heat through each segment is
the same. Thus:

N KIB) (AHTH + AHTE) (T T8) (4-113
WL W) (ATE + MTA) (T8 - TA)
- (KA KO (RATA 4 AHTC) (TA - TON)
Let: o - LHB/((KMH ; KMB) (AHTH ZIAHTBi> (4-114
Rz_z_LBA/((KMB + KHR) (MATB ¢ AHTA)>~ (4-115
R - LAC/((KMA £ KC ) (RHTA + AHTC)) (4-116
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Usually the following conduction paths are identified and should be evaluated
; o for each engine:
‘ f Path No. Description
1 Engine cylinder wall.

. ' 2. . Displacer or hot cap wall,

| : 3. Gas annulus between cylinder and hot-cap.

L 4 Gas space inside displacer or hot cap.

1 a.- gas conduction

. #‘“ b. radiation

o 5. Regenerator cylinders.
i 6. Regenerator packing.
ﬁﬁ The engine cylinder, the displacer and regenerator cylinders must be designed

o strong enough to. withstand.the gas pressure for the 1ife of the engine without
- changing dimension appreciably. However, extra wall thickness contributes

y ! unnecessarily to the heat loss. For this reason the cylinder walls of most high.
L powered engines are much thinner at the cold end where the creep strength is

b high than they are at the hot end. This, of course, complicates evaluation of _

i this type of heat loss.

The following types of heat transfer-problems need to be solved to evaluate

$i these heat losses:
1. Steady, one dimensional conduction, constant area,
variable thermal conduction.
2. Steady, one dimensional conduction, variable area, .
variable thermal conductivity.
ol 3. Steady, one dimensional conduction through a composite

material (wire screens).
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Then:
_ THM - TCM
O = R +.R2 + R3 o (4-117
Once QC is computed then:
TB = THM - T1(QC) (4-118
TA = TB - R2(QC) and so on (4-119

TB and TA are compared with the original guesses. If they are appreciably
different so.that the thermal conductivities would be different, then new
thermal conductivities based upon these computed values of TB and TA would be
determined and the process repeated. Once more is usually sufficient.

This same procedure is used for--the engine cylinder and the displacer if the
walls are tapered.

AHTH
I
| .,
o AHTB
/#4 . TR--LEVEL B
| 7
LR ;C
‘ 7/
J TA--LEVEL A
| : AMTC
. TC

Figure 4-24, Computation of Tapered Cylinder Wall Conduction.
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4.3.8.3 CQWWQHQQJhmumhRommgmt

| }ULEUIij?ﬁ
Usually the regenerater of
sareen that is lightly sintered together. The d
big bearing on the thermal conductivity of the
resistance is the contact betwoeen adjacent wires.
use a bed of lead Spheres,

@ Stirling angi

In the absance of aat

a, Gorring (61 n) gives the
duction through..a sqQu

are array of uniformly sized

ITIRWRES ) ¢ FF
The thermal conductivity of the gas KG

The heat loss through the Screens is th
d4-112.

Sometimes the regenerator-is made. fy
tinuously from hot to cold ends,

My - KG(GR) + KM(THF)

Then the heat loss through the matr
Tike 4-112.

4.3.8.4 ngigjjgg;ﬂ]onq.a Cvlinder with Radiation
The engine displacers or the_hot ca
hollow. Heat transport across this
radiation, Radiation heat transpor

The area tactor, FA, is usually deter

ne is made fyom

and the metal KM ar
en determined using

om slots in which met
The conductivity of the

ix is then determined using

p for a dual piston ma
9as space is by
t follows the standard formyla:
QR = (EA)(FE)(FN)("/4)(DID)?(SIG)«THMY

any layers of fine

ggree of sintering would hive a-
sareen stack since

the controlling

Some cryogenic regenerators

following formula fap

con-
cylinders,

(4-120.-

e evaiuated at TR,
an equation like

al foils run con-
matrix in this case is:

(4-120a

an equation

Shields

-_—

chine is usually
gas conduction and by

" - (Tom)y (4-121

mined by a graph computed by Hottel
(McAdams;,Heat Transmission, Ird Ed., p. 69).

separated by non-conducting but rer
by the simple furmula:

A = 0.50+ 0.20 1n(%D)

Equation 4-100 ¢

good for values of OID/LD from 0.2

For the case of two discs
adiating walls his cu

rve is correlated

to 7.7 For (DID/LD) . o2
use:
. DID 5
FA = 5 (4-123
tmissivity tactor, FE, ig the product of the emissivity at the hot end and at
the cold end. Thus:
FE = (EH)(EC) (4-124
The hot and cold emissivities can be obtained from any standard text on heat
1an
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Case is,

—And the material., 1t

This emissivity depends upon the suer
TS not casy to know what t

ace finish

o the temperature

he emissivity in a particular

If the emissivity of the
- Sivity of the hot and co]

radiation shields is intermedi

d surfaces, the

ate between the emis-
n-trom the numbayr of radiation shields,

NRS, the radiation-shield factor,

FN. is calculated approximately.

FN'= 1/(1 + NRS)

4.3.9° Pumping Loss

A displacer or a hot ca has a radial gap between the ID of the engine
g

(d4-125

cylinder

and the 0D of the displacer.

This gap is sealed at the cold end.

As the engine

1S pressurized and depressuri
the closed end of .the aap

zed, gas flows into and out of this gap.

Since

comes back from this gap,

L5(Z1) (RO (k)

4.3.10 ]gmgeratunghSwiggugogg

is cold,.extra heat must be
Leo (70 ac)gives the formula:

CTCTHM + Tem)/2) -0

added to the gas as it

Y ¢ ]. ; . 3 3 5 . Al 3
apu = 2(eY ) Cu) (pay - .fmg.{ﬁ’.w_ﬁ;,"_(.@}i@1.;_T.c_M )(aR)"-S

(4-126

In computing the reheat loss (see Section 4.3.6
regenerator matrix temperature oscillates

) it was assumed that tho

In some cases the temperature oscill

during the cycle a nealigible amount,

The temperature swing loss is this

ation of the matrix wil
additional heat that mus

9as heater due to the finite he

1 not be negligible.
t be added by the

drop in the regenerator
flow.of was into the hot space is:

. (o WHS(CVIFCT(THM - TCM)
£ D= i Vo A S L WAL e
DELTMX NUTMMY) {CPHY
Halt of this, (DELTMN)/2,. is equivalent to A in
Thus the temperature swing loss is:

QTS = (FCT)(WHS) (CV) (DELTRMX) /2
Crouthamel and Shelpuk (75 ac)

QTS = (FCT)(NHS)(CP)(DELTMX)
Their equation substitutes CP tor CV
reason for division by 2 see
flected in their formula,
the discussion in Section .
heat capacity based upon bquation 4-97,1 be use

ms to be recognized

since DELTMX starts at Zero at the start of the-

Equation 4-128 was used in Section 7,

at capacity of the regenerator, The temperaturc
matrix temperature all along the line due to aq single

(4-107

Equation 4-97 and Fiqure 4-20
How and arows to DELTM\,

(4-108

point out this loss but their equation is:

(4"] »‘9

as was done also in Section d.3.6. The

in their-text but is not re-
Based upon

Lo, it is now recommended that an offoctive Jas
d in Equations 4-127 and d-108,

RS
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4.3.11 lggggpa1»Temgerature Swing Loss
Some types of r
(for example,
sdme temperaty
wou]d undergo

€generator matrices
9lass.rods) that all

matrix woyuld not undergo the
re swing. The interior_wou]d undergo i

.« Thig
Crouthamel ang SheTpuk

] ROM) (CPMY ) (Lyx 2y
QTS = qTs [cs ({Ra) ey ]

/o FCT T
The geometry constant €3 is

given as 0,32 by Croutham
who refer to Page 112 of car 0

slaw and Jaeger (59
slab, The constant for .y cylinder op

(4-130

el and Shelpuk (75 ac)
This constant is fop a

a wire is 0,25 (59 o, p. 203).
4,3,12 ‘First Round E
—-2% _nound E

ngine Performance-Summarx

will be useq alon
angers. to compute the effective hot
d gas temperatyres, These ney computed temperatyres Will be used to
determine a better estimate of the basic output power and basic heat input.
Heat losses and power losses wil] remain the same., The net. power output qs.:
NP =Bp . yp . MFL (4-131
The net heat input is:
OV =BHI + QRH + gsH + g5 4 QPU + QTS + QITS - Wpy . MR (4132
4.3,13 Heat Exchanger Evaluation
Once the first estimate of the net heat input, QN, is computed, the duty of
the gas heater and gas cooler are determined;
QGH = QN (4-133
QGC = QN - Np (4-134 .
Next, the heat transfer coefficient for the gas heater and gas coolep is
computed, € most common type is the tubular heat exchanger Smal] machines
can use an annylap gap heat exchanger, -Isothermalizer heat exch
POssible. How to compute the heat transfer coeff;
types of heat exch

angers are -

One of these
mating the

angers wij

will be shown,

4.3.13.1 Tubular Heat.gxchangers
————C4L Exchar

The Reynolds number for the gas heater is:

L HHS
g(DIH)(NTH)(MU)

RE =

(4-135
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| A similar equation would be used tor the cooler,  The heat transter coptiicient
| ) is derived from the correlation on Figure 4-19. Use the solid Tines because
i \ the surface temperature is controlled.  Note that there is an important effect-

L of Tength to diameter, LI/DIH, for the heater, The ordinant of ‘interest in

b Figure 4-19 -is- (H/(CP(G)))(PR)-7 3. The Tast factor shown on Figure 4-18 is ]

e ignored because the heat exchanger will operate with small temperature dit- 1 4
" ferences. In evaluating the above ordinate for H, the heat transfor coetfici- §.
o ent, let G = NHS/(&(DIH} (NTH)) for the heater-and a similar relationship for D
: gz the cooler, ' i

) 4.3.13.20 Annular Gap Heater Exchangers » -

. Small Stirling engines can use annular gap heat exchangers effectively. The
Dy ﬁf heat is applied from one side and the surface temperature is assumed censtant..
3 From reference 64 1, page 103:

B HCHE (4-136

- il st

P 4.3.13.3 Isothermalizer Heat Exchangers !
:f The gas in the isothermalizer is chiefly heated or cooled by compression or {f§1
@ expansion. Under these conditions the. gas in-the hot space is uniformly ceoled . “y
' by expansion and at the same time heated from hoth surfaces of the uas layer. E
" In the cold space an analogous process- goes.on., Under those conditions the
. gas layers are effectively in the form of a slab. Apprendix A shows that: b
o ) JGH(GTA) . .
\ ‘é‘ | TH = THM - E%Rﬁ) AHT) (4-137 O
o !%‘ and: ';
i - Gcg%g - 1
E §i 4.3.14 Iteration To Find Effective Gas Tewmperature :i
v % ,;%i 4.3.14.1 Flow Heatl Exchangers
~ ; , ﬁj In tubular or annular gap heat exchangers most of the heat is. transferred
N 18 during times of-gas flow. Two thirds of the time, 2(FCT), gas can be assumed Y
| I [ ~to flow one way oF the other through the heat exchangers, Thus: )
: e GH = 2(FC ) (€ 1
’ i }g‘ QGH = 2(FCT)(WHS)(CV)(TH - THO) {4-138.1 g- g
R 12 TH - THO) b
! : = RO W 5.5 WU . “
o TEN I g
i / e; or: _
b e QaH -
! @ e - B .. o e g e b o m e n ey oy - Q .
i TH=—THH = STFCTYTVHS)TEV) (i INTUR) = 1) (4-138..
" ? %h where: Z 1
o : |
)] i TUH 5 con ,”%‘“U ) e i i‘
} * NTUR sty s TEv) |1
? 14 E '
!  ; ‘ ‘
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similariy:

GC

TC = TCM + QTFE’T)(wcs?(CV)(expzNTUC) SV (4-140

Crouthamel and Shelpuk (75 ac) present a similar-calculation but reason that
most. of the heat transfer in the heater happens during out flow from the hot
Space and that most of the heat transfer in the gas cooler happens during

out flow from the cold space. If this reasoning proves true the 2 in Equation
4-139-and 4-140 and in the definition of NTUH and NTUC would be changed to 1.
More exact third order calculations might be used to show.what factor should
be used in Equations 4-139 and 4-140. Possibly 1.5 would be a good choice.
Also, the question of whether to use CP or CV in the above two equations can
be settled by more exact third order calculations. Equations 4-139 and 4-140
ware used in Section 7. .As discussed in Section 4.3.6 it is now. recommended
that CP be used.instead of-CV in the above equation because the pressure change
term in Equation 4-97.1 would cancel out when one full cycle.is considered.

Equation 4-139 and 4-140 give a much better estimate of TH and TC than was used
the first time the basic power, BP, and.the basic heat input, BHI, were cal-
culated. If there is a significant change .in TH and TC the calculation for -BP
and BHI are repeated. Al1 other heat loss equations do not use TH and TC and
therefore would not change. A new QEH and QGC would be computed. Again by
Equations 4-139-and 4-140 a new estimate of TH and TC would be calculated.
These temperatures will probably. be- essentially the same as the previous
estimate, and the computation wili be finished.

In the case of the GPU-3 engine the cooler is water cooled. Since the heat
transfer coefficient for the water is much greater than for the gas, the cold
metal temperature is very close to the cooling water temperature and it can be
assumed to be the same. On. the other hand, the thermocouple measuring the heater
temperature is in the gas stream half way through the gas heater. During the
time gas is flowing into the hot space the heater must heat the gas to make up
for ‘regenerator reheat loss. .In addition, during the first half of the inflow,
the heater must conl the gas due to some compression heating. During the last ..
half of the inflow the heater must heat the gas due to some expansion cooling.
When the inflow is complete the gas in the hot space is cooled by expansion.
The main heat load. for the heatér comes during outflow from the hot space

when the expanded gas is heated., During the first half of the outflow some
additional expansion cooling occurs as the gas traverses the heater. During
the second half of the outflow some compression heating occurs as the gas
traverses the heater. If the thermocouple is small enough to follow the

change in gas temperature, it should change considerably each cycle. Since the
change reportedly does not occur, the thermocouple is .large and registers the.
average gas temperature at the mid-point of the heat exchanger, Assume,
therefore, for the case of the GPU-3-heater.that the effective hot space temp-
erature, TH, is that measured by the thermocouple and that for the purpose of
computing shuttle heat conduction, static condution and reheat loss, THM = TH.
Nevertheless, the temperature of the flame heated metal tubes will be hotter

than the measured temperature, Equation 4-139 can be used to estimate this
temperature,
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4.3.14.2 1sothermalizer Heat Exchangers

The same kind of iterative process is used as above except Equations 4-137 and
4-138 are used-instead of 4-139 and 4-140.

4.3.15 Conclusions on.Second Order Design Methods

1. Second order is good for practical engine design and engine optimization,

2. Second order design methods identify and quantify the losses. This makes
%t easier to determiné what must be done to minimize the sum of all the
osses,

3. Much basic work needs to be done to extend the theory and experimentally

~ validate the equations used for second order analysis.

4. The required degree of complication in the analysis.of a Stirling engine
design to adequately predict performance has not been determined at this
stage of. nublic knowiedge. :

4.4 Third Order Design Methods

Third order design methods start with the premise that the many different pro-
cesses assumed to be going on simultaneously and independently i the second
order design method (see Section 4.3) do in.reality importantly interact.”
Whether this premise is true or not is not known and no papers have been pub-
lishéd in the open literature which will definitively answer the question.
Quale (68 m, 69 n) and Rios (70 z) have both published papers claiming good
agreement between their advanced second order design procedures and experi-
mental measurements.(see Sections 5.1 and 5.2). Third order design methods
are an attempt to compute the complex process going on in a Stirling engine
all of a piece. Finkelstein pioneered this development (62 a, 64 b, 67 d,

75 al) and in the last year or so a number of other people have taken up

the work. If the third order method is experimentally validated then much
can be learned about the workings of the machine from the computation that
can not be measured reliably.

Third order design methods start by writing down the differential equati
whlch.express the ideas of conservation of energy, mass and momentﬁ%. t}EQZe
equations are too cgmp]ex for a general analytical solution so they are solved:
numerically. The differential equations are reduced to their one dimensional
form.. Then depending on just what author's formulation is being used
additional simplifications—are employed. '

In this design manual the non-proprietary third order design methods will be
discussed. It will not be-possible to describe these methods in detail.

gowgyer, the basic assumptions that go into each calculation procedure will
e given,
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4.0,1 Basic Design Me thod

In broad outline the basic design method is -as follows (seo Figure h-248):

1. Specity dimens ions and operating conditions, i.0., temperatures o charge
prassure, motion of parts, elc. Divide engine-into control volumes.

0. Convert the ditferential cquations expressing the conservation of mass,
momentum, and cnarqy .into difforence equations. Include the Kinetic
energy of the yas. Include cmpirical }ormuTas £ the friction factor
and the heat transfer coefficient.

3. Find a wmathematically stable method of solution of the engine parameters
after one time step given the conditions at the beginning of that time .
steop.

4. Start at an arbitrary initial condition and proceed through several engine
cycles until steady state is reached by noting that the work output per
cycle does not change.

5. Calculate heat input.

4.4.2 Fundamental Differential Equations

Following the explanation of Urieli (77 d), there are 4 equations. that nust
be satisficd for each element. They are:

1. Continuity

2. Momentun

3. Enengy.

4, Equation of state

These relationships will be given-in words and then in the symbols used by
Urieli. -

4.4.2.1 Continuity Equation

The continuity equation merely expresses. the fact that matter can.neither be
created nor destroyed. Thus:

{ | net mass -flux convectedﬂl

‘ ate 3 ACTEAS R "
]Eﬁzg ?L 2;;¥t8§%x3§ume} = l outwards through surface| (4-141
- : of control. volume

Urieli (77 d) expresses this relationship as:

UL A o
ot tV 41X U (4-142
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Volumes for a Third Order Design Method.

Sample Division of Engine Working Gas Space into.Control. .. . ..

Figure 4-25.
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X convected
control (4143

(4-144

Vo | | |
v b
j it |
1‘
1 where: _
5 m o= m/M
‘ ! M= mass of gas in control volume, Ky
i : M = mass of gas in engine, Kgq
L= time, seconds .
; V= V/ys
; V= volume of contro) voTume-,. m?
: Vs = totu) power stroke volume of machine, m
i : g = Q/(M.RTWKY/VS) ‘
| o g = mass flux density, kg/m-sec
1 P R = gas constant for working gas, J/Kg- K
| o Tk = cold. sink dbsolutevtemperature, N
| : . 1/,
| 5 X.= x/(Vs)l/}
| : X = distancerwmeteﬁs'
a :
| A A2 Momentum_ggggggylw“
. IRate of changes of 1 Net momentum 1y
. momentum within the + Outwards through
i,@ Icontro] volume Vv l surface A
TR
o ,Net surtace force acting l
P T )0 the fluid in the control
i ; : ]volumemv
; ; Urieli (77 d)--expresses this re]ationship as:
i 2. s 2 .
- R )+ v B
! ! where in additiopn:
. v = v/(Vs/M) ]
o V.= specific valume, m/Kg
! p = p/(M(R)Tk/Vs)J
: P = pressure, N/m:
Eo= £/ M(R)TK/ (vs) /"
: F = frictional drag force, N
' 4423 Energy Fquation
~'§ Rate of heat transfer

4

I

to the Working gas
from the environment
through control surfa

Net energy Flux conve
outwards by the

working

ce A

9as crossing the control

surface A—

ctedl
,+

Rate of energy
accumulation.-
within the controq
volume Vv ‘

Net rate of flow work
in pushing the mass of
Working gas through ‘
the control surface A

(4-145
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|Nﬂt rate of mechanical work done

¢ by the working gas on the environ-
ment by virtue of the rate of change l
ot the magnitude of the contvet volume V

Bedeli (77 d) oxpresses this relationship finally as:

LSS TP 1 SR VIS NS 0 K €D A INE SRN] URPR SR 1146

S (m ) v T - e vl ) (4-146
where in addition:

Q = Q/(MR(TK))

Q = heat transferved, J

y = ratio of specific heat capacity of working gas = CP/CV
T = T/Tk

T = working gas temperature in control volume, K

W= N/(M(RYTK)

W = mechanical work done,

il

4.4.2.4 Equation of State

Due to the normalizing parameters Urieli uses the equation of state merely is:
p(V) = m(T) (4-147

4.4.3 Comparison of-Third Order Design Methods

[t is generally beyond the scope of this first edition-of the design manual to
give the reader a complete explanation of how to compute by third order
methods. A number of them are or soon will be in the literature. These
methods will now be described brietly.

4.4.3.1 Unieli
This desigr method is described fully in Israel Urieli's thesis (77 af)., A

goud short explanation is given in this TECEC paper (77 d). He applies his
mathod to an experimental Stirling engine of the two piston type. The hot

—vylinder is connected to the cold cylinder by & number of tubes in parallel.

Sections of each one of these tubes are heated, cooled or allowed to seek theiv
owh temperature Tevel in the regenerator part (see Figure 4-26). This type of
engine was chosen because of ease in programming, and because heat transtor

and fluid flow correlations for tubes are woll known. Also an enaine 1ike this
is built and is operating at the University of Witwatersrand in Johamnesbury.,
South Africa.  The intention 1s to obtain experimental confivmation of this
design method. Urieli converts the above partidl dittecential equations to a
system of ordinary differential equations by converting all difterentials to
diftorence quotients except tfor the time variable.  Then he solves these ordin-
ary differential equations using the 4th order Runge-Kutta method starting from
a stationary initial condition. The thesis contains the FORTRAN program,  The
tirst copies of this thesis has three errors in the main program. Later

copies of the thesis-will probably have these corrvections added.  Corvections
should be obtained trom 1. Wriedi, Ormat- Turbines, B.0..Box 68, Yavne, lsrael.
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Urieli is now attempting to calculate the data points
by appropriately modifying his program.

for the GPU-3 engine

e e

COMPRESS 1OR EXPANSTON
| SPALL ¢ HEAT EXCHANGER SECTION SPACE e
] = ' L —
i L ' ]
[ + =
L =
: C — e —
i = 1 =l
4 COOLER k !

| I HEATER h

REGENERATOR r

Figure 4-26. Urieli . Engine Model.. .

4.4.,3.2 Schock -

Al Schock, Fairchild Industries, Germantown, Maryland, presented some results
of calculations using his 3rd order design procedure at-the Stirling Engine:
Seminar at the Joint Center for Graduate Study in Richland, Washington, August
1977, His calculation started with the same differential equations as Urieli
but his method of computer modeling was different but undefined.
what Urieli had said at the same meeting that the time step must be smaller
than the time it takes for sound to travel from one node to the next through
the gas. Al Schock's assigninent was to develop an improved .computer program
for the free displacer, free piston Stirling engine built by Sunpower for

DOE. The engine had avery porous regenerator. Although the pressures in the
expansion and compression space of the engine were different, they were not
visably different when the gas pressure vs. time was plotted.

This program is as yet not publicly documented. Schock is awaiting good
experimental data with which to correlate the model.

4.4.3.3 Vanderbrug

In reference 77 ae, Finegold and Vanderbrug present a general purpose Stirling
egngine systems and analysis program. The program is.explained and listed in a
42 page appendix. Quoting from 77 ae:

The technical approach used in the Stirling Cycle Analysis Model
(SCAM) is based on obtaining system transient response by lumped
parameter, or nodal, numerical integration. The integration tech-
nique assumes that-the thermodynamic processes are guasi-static
during a small time interval for each system node or control
volumé. The Stirling analysis programs developed at LeRC (77 bl),
the recent Finkelstein models (67 d), and most thermal analyzer
programs employ this method to avoid direct integration of many
non-linear uncoupled differential equations.
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The -Tumped parameter method s desirable because either
empirical or theoretical definition of component performance
characteristics. is easily achieved without use of transform
functions., Also, discontinuitiés such as those produced by

tlowing from laminar to turbulent, or from subsonic to choked,
are readily simulated.

One disadvantage of thig approach is the extremely small com-
puting time interval which is required to satisf

y the quasi-
static assumption for Pheumatic systems. The smal] computing

interval unavoidably translates into a high computer dollar
charge. '

The SCAM program was designed to provide extreme flexibility

due to the modular structure and variety of user input options.

The SCAM consists of a compilation, or library, of individual
modeling routines. Each routine contains the Togic and generalized
equations, such as chamber, volume, duct, temperature controller,

heat exchanger, etc., required. to simulate a pneumatic system
component. This allows the user to select components from the
library and assemble them into fluid flow and Togic control
functional segments ("legs" or "Toops") representative of the
Physical system being modeled. The user specifies initial
conditions, boundary conditions, and other key. parameters
describing the performance characteristics of each componént. ..
A1l input parameters can be either constants, curve.data, or

forced to vary as a function of time, temperature, or some other
control-value, such as crank angle,

At this point, there is nothing available-to show how well this computer
model works.

4.4.3.4 Finkelstein

Ted Finkelstein has made his computer analysis program (75 al) available
through Cybernet at aboyt $25 per case.

Urieli and Finkelstein use the same method in handling the regenerator nodes
in that the flow conductance from one node to the next depends upon the
direction of flow. Finkelstein solves the same equations as Urieli presents
but he neglects the kinetic energy of the flowing gas. By so doing, he is
able to increase his time step substantially, Neglecting kinetic energy will .
cause-errors in predicting pressures during the cycle. However, it is not
clear what effect this simplifying assumption has upon power output and
efficiency calculations. To make a comparison one would have to use the same
correlations for friction factor and heat transfer coefficient and be certain
that the geometries are identical. The author has directions for using this
Program. Possibly a comparison of this program with the GPU-3 measurements
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and other calculation procedures can be made in the future.

Finkelstein claims thét his program has.been validated experimentally but
that the results are proprietary.

4.4.3.5 Lewis Research Center (LeRC)

The author has attempted to formulate a design procedure based upon some com-
putation concepts originally used by M. Mayer at McDonnell Douglas. A simplified
version was presented (75 ag). However, an attempt failed to extend the method
to include a real .regenerator with dead volume and heat transfer as a function of
fluid flow. The procedure was computationally stable and approached a limiting
value as the time step decreased. But when the heat transfer coefficients were
set very high, there should have been no heat loss through the regenerator, but
the computation procedure did not allow this to happen. because gas was always
entering the hot space at the temperature-of the hottest regenerator element.
There was also the problem of finding the proper metal temperature for the
regenerator elements.

Parallel and independently of the author, Roy Tew, Kent Jefferies and Dave Miao
at LeRC have developed a cemputer program which is very similar to the author's
(77 b1). In addition, they have come up with.a way of handling the regenerator
which gets around the problem the author found.

The LeRC method essumes that the momentum equation need not be considered along .
with the equations for continuity, energy .and equation of state. They assume
that the pressure is uniform throughout the engine and varies with time during
the engine cycle. LeRC combines the continuity, energy equation and equation

of state into one equation. '

dT _ hA My "o V. dp
oy WD T oD T - T g gt (4148
heat transfer flow in flow out - - pressure

change ..

upon heat transfer, flow in and out and pressure change. Equation 4-148 could
be solved by first order numerical integration or by higher order techniques
such as 4th order Runge-Hutta. LeRC did not use this-approach.

LeRC used an approach of separating the three effects and considering them suc-
cessively instead of simultaneously. From a previous time step they have the
masses, temperature and volumes for all 13 gas nodes used. From this they cal-
culate a new common pressure. Using this new pressure and the old pressure and
assuming-no heat transfer during this stage, they calculate a new temperature
for each gas node using the familiar adiabatic compression formula. Next, the
volumes of nodes 1 and 13, the expansion and compression space, are changed to
the new value based upon the rhombic drive, New masses are calculated for each

This equation indicates that the temperature change in a control volume depends --
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contral volume,  Once the new mass distribution is known, the now tlow rates g
botween nodes are caleutated from the old and neow mass distributions.  The new
gas tomperature is now modified to take into account the gas flow into and out
of the control volumes during the time step.  During this calculation it is
assumed that each reqenerator contrel volume has a temperature gradient across
it equal to the parallel metal temperature gradient and that the temperature of
the fTuid that tlows across the boundary is equal to the average temperature. of
the fluid before it crossed the boundarys; heatar and cooler control volumes are
at the bulk or average temperature throughout. Next,local heat transfer coeffi-
cients are calculated based upon the flows., Temperature equilibration with the
metal walls and matrix is.now calculated for the time of one time step and at
constant pressure. An exponential equation is used so that no matter how large
the heac transfer coefficient, the gas temperature cannot. change more than the
AT between the wall and the gas. Heat transfer during this equilibration is ~
calculated. In the regenerator nodes heat transfer is used to change the
tewperature of the metal according to its heat capacity. In the other nodes
where the temperature is controlled, the heat transfers are summed to give

the basic heat. input and heat output. This final temperature set after temp-
erature .equilibration along with the new masses and volumes calculated during
this time step are now set to be the old onas to start the process for the

naxt time step.

PP IS A AR I SR S 2

The model is set up to take into account leakage between the buffer space and

the working gas volume. LeRE has developed an elaborate method of acceleratin E
convergence of the metal nodes in the regenerator to the steady state tempera-
ture.  On the final cycle LeRC considers the effect .of flow friction to make
the pressure in the compression and expansion space different from each other ,
in a way to reduce indicated work per cycle., - - e ‘

To quote Tew (77 bl):

Typically- it takes about 10 cycles with regenerator temperature
correction before the regenerator metal temperatures steady out.

qu to the leakage between the working and buffer spaces, a number
of cycles are required for the mass distribution between working
and buffer space to settle out., The smaller the lTeakage rate,

the Tonger the time required for the mass distribution to reach
§teady-state. For the range of leakage rates considered thus far

1t takes Tonger for -the mass distribution to steady-out than for the
regenerator metal temperatures to settle out. Current procedure

1s to turn the metal temperature convergence scheme on at the 5th cycle
and oft at the 15th cycle. The model is then allowed to run for
1y to 25 more cycles to allow the mass distribution to settle out.-
When a sufticient number of cycles have been completed for steady
operation to be achieved, the run is terminatoed.

T g
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Current computing time is about Suminutes tfor 50 cycles on a
UNIVAC 1100 or 0.1 minute per cycle. This is based on 1000
iterations por cycle or-a time increment of 2 ~ 107" seconds
whoen the engine fregquency is 50 He.  The number of iterations |
per cycle (and theretore computing time) can be reduced by at
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least a factor of 5 at the expense of accuracy of solution;

on the order of 10% increase in power-and efficiency results.....o..  —
when iterations per_cycle are reduced to 200,

4.4.4 Conclusions on Third Order Design Methods

1. A number.of well constructed -third order design methods are or will soon
be available.

2. A choice is available between rigorous 3rd order (Urieli, Schock,

Vanderbrug), 3rd order ignoring fluid inertia (Finkelstein) and 3rd
order assuming a common pressure (LeRC).

3. There-is a spectrum of design methods
order through- simple and .complex second ord
order apalysis. -However, all these methods

which should be used h

ave not .been generated, o :
5. Third order analysis ¢

an be used to compute flows.

6. Third order analysis can be used to develop simple equations to be used 5
in second order analysis,

Eventually when al] calculation procedures

gines, thrid order design
gest. The most rigorous
d more accurate than the

and temperatures inside P
the engine which cannot be measured in practice..
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o 5,. COMPARISON OF THEQRY WITH EXPERIMENT

o K Among conventional engines with tubular heaters and coolers and porous regenera- 1
* tors, there are only three engines that are well enough known and accurately '

j - enough measured to be considered: :

; fi 1. The Allison Stirling engine

N 2. The MIT cooling engine

3. The GPU-3 engine .

: Each one of these will now be described and the comparisons given in the litera- .

o ture will be made.

8 5.1 Allison Engine _

el LW FE D

| Qvale (67 n) gives the most complete specification of the Al1lison Model PD-67A. ,
S engine (62 n). These are: . o .
A Phase angle between two volumes =.8 = -118

o Engine speed 3000 rpm (50 Hz)
B VAH = amplitude of sinusoidal volume variation in hot space ‘
= 2,475 in3 = 40.56 cm3 !
VAC = amplitude of sinusoidal volume variation in cold space i
= 2,33 in3 = 38.18 cm3 ‘
Vc = dead volume of cold heat exchanger and. ducting and clearance b,
= 1.715 in3= 28.10 cm3 (ducting and clearance accourts for i
1.215 in® = 19.91 cm?) 1
VR = regenerator dead volume = 4.388 in3 = 71.91-cm3 (this ;5
includes 0.488 in3 on one side and 0.55 in® on the other side .
of the regenerator) . Sl
VH = dead volume of hot heat exchanger and ducting and clearance {%
= 2.59 in? = 42.44 cm3 (includes 1.29 in3 = 21.14 cm3 from &
the hot volume i
Surface Temperature - Hot = 1680 R = 933.3 K L
Cold = 628 R = 348.9 K P
Working gas - Helium - by
Mean pressure = 1544 psia = 10.64 MPa '
Cold heat. exchangers B
number of tubes = 152 !
ID of tubes = 0.040 in = 0.102 cm !
length of tubes = 2.6 in = 6.6 cm 1
Regenerators .- ’
matrix: screen stack |
wire diameter = 0.0016 in = 0.0041 cm i
mesh = 250/inch = 98.4/cm i
filler factor = 0.31 ]
length = 0.8 in = 2.0 cm v !
cross sectional area.of all regenerators = 6,24 in’ :
: = 40.26 cm?
number of regeneratorrs not known i
j i
1
.
163 i|
- ~
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Hot heat exchanger
number of tubes = 76
inner tube diameter = 0,060 in = 0,152 cm —
length = 6.0 in = 15.2 cm

Allison built. two engines which differed only.in the phase angle between the
two volumes, One was 1189, and one was 1129, Qvale analyzed the engine per-
formance according to his methods (67 n, 68 i) and showed the agreement given
in Figure 5-1 and 5-2. Qvale (67 n) also gives a breakdown of the predicted
Tosses and the experimental uncertainties. These- are-given in Table §-1.

5.2 MIT Cooling Engine

Rios (63 ar, 69 o) built a-cooling engine and made- performance measurements on
it. Since it used tubular heat exchangers and. porous solid regenerators, it
is of interest to large Stirling engine designers.

The dimensions of this engine are as.follows:
Warm cylinder

diameter: 2.0.in 5.08 cm
stroke: 2.0 in 6.62 cm
con. rod length: 14.4 qn 36.6 cm
end clearance: 0.010 in 0.025 cm
Warm exchanger
number of tubes: 210
outside diameter: 0.047 1n 0.119 -cm
wall thickness: 0.008 in 0.020 cm
tube material: 304 stainless
average length: - 21.5 1in 04.6 cm
(bent in quarter circle)
Regenerator
shell inside diameter: 2.065 in v 5,245 cm
shell wall thickness: 0.030 in 0.076 cm
shell Tength: 3.4 in . 8.6 cm
shell material: stainless steel
matrix: copper=-nickel/spheroidal nowder
ave. diam, of powder: 0.010 1in 0.025 cm
porosity: 0.39
matrix retainers: 100 mesh screens at each end
Cold exchanger
Aumber of tubes: 231
outside diameter: 0.047 in 0.119 cm
wall thickness: 0.008 in 0.020 cm
tube material: . 304 stainless stee]
length: 9.4 1in 23.9 cm
Cold cylinder
diameter: 1.625 in 4.128 cm
stroke: 2.5 in 6.4 cm
con. rod length: 12,0 in 30.5 cm
cold cap length: 7.19 in 18.3 cm
cold cap clearance: - 0.004 in 0.010 cm
cold cap material: linen-filled micarta
end clearance: 0.010 in 0.025 cm
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Breakdown of Losses and Powers for the Allison
Model PD-67A Enqgine with 118° Phase Angle .

Operating Conditions
Speead
Heat source temperature
- Heat sink temperature
Mean gas pressure
Qutput
Basic work, hot cylinder
corrected for heat
exchanger performance
Basic work, cold cylinder
corrected for heat
exchanger perfurmance
Net. basic work
Flow losses - cooler

Work

8
- regenerator 4,
- heater 22.

Tabie 5.1

3000
1680

628
1544

285

rpm
R
R
psia

ft 1bf/~

w

35,

O vl —
oy Oy W

50 Hz
933.3 K N
348.9 K |

10.64 MPa

386.5 J/~

383.7
166.1

PP FOTPR

bt b sl i

170.2
213.6

Predicted net work
(neglecting motoring
and leakage losses)

Experimental net work

Input

Basic work at hot cylinde
corrected for heat
exchanger - ‘

Heat

Heat conduction of metal parts

Regenerator loss

Flow 1oss in hot -
control volume

Predicted: heat input

Experimental heat .input

Predicted Efficiency

Experimental Efficiency

Predicted Pressure Ratio
Experimental Pressure Ratio.....
Experimental Accuracies

Net work + 4%

Heat Input + 4%

Efficiency + 6%

r

1}

122.
108.

48.1

(SN e)

ft 1bf/~

0.411

.0.378

165.4 L
147.1

383.7

17.1 4/~
34,7

-33.5
402.1
389.2
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The warm end crank was driven by an electric motor and .it in turn drove the
cold end crank by a timing belt., The warm.heat exchanger was water cooled.
Tha cold heat exchanger was covered by a brass shell. An electric heater was

soldered to the cold exchanger shell to adjust the Toad to the refrigerator.
Refrigerent hoiling out of this Space was. measured with a rotameter.
lf Helium was used as a working gas. The filling of the shell of the cold. heat
Bl exchanger was either nitrogen, Freon 12 or Freon 13, In steady operation the
4 Power to the cold-exchanger-shell heater was adjusted to boil. the liquid at
| the same rate that the vapor was condensed on the exchanger tubes. A steady
' pressure in the cold exchanger shell indicated a-steady operating. temperature.
B The basic data taken by Rios were as follows:
. 1. Indicator diagram for the cold and warm end cylinders and indicator
: diagrams for the pressure drop. These diagrams provided values for com-
§ parison against the model with perfect components and pressure drop losses.
" 2. Cold exchanger and warm exchanger temperatures. The warm-end temperature
: was the cooling water outlet, while the cold end temperature was that of
A the condensed fluid. Difference between inlet and outlet cooling water
) was negligible.
3. Cold-exchanger-heater power. Provides a direct measurement of the net
§ refrigeration.
! 4.. Refrigerator RPM,
y 5. Volume variation phase angle.
g 6. Rate at which gas is vented from cold-exchanger shell.
;| Rios published the results of 20 data points. These are copied from (69 ar)
o for thé convenience of the. reader (see Table 5.2). The following definitions .
g ! | are used in Table 5.2.
2 '\ i . . = L .
b ] Windage Power. o gﬁapdvc
| ﬁ w = angular velocity, radians/sec
‘ : 6p. = pressure drop through heater regenerdator and cooler
[, i de = differential change in cold volumes
! N W =¢pwdvé
] c ) V
' i Wiax AC
| g Py = instantaneous pressure measured in the warm space
| ] VC = instantaneous volume of cold space
i N Vic = cold cylinder volume amplitude . .
f AL (v Ty )2
| 4 max min’/
P 4 p dV
S | (’w]maxiAw
§ wnere in addition:
B V,, = instantaneous volume of warm space, cm3
ﬁ Vaw = warm cylinder volume amplitude, cm3_
! L
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 Table 5.2 | f
Summary. of Rios' Data (69 ar)
Test TC Tw Phase Vapor Speed Refrig.
Na. F ¢ Angle around RPM Load
0 cold HX Watts
1 - 145 42,0 62.0 - Freon 12 326 91.0
2 - 6.0  41.5 89.5  Freon 12 326 111.6 §
3 - 11.0 42,0 102.0  Freon 12 326 98.0 L
4 - 12.5 41.0 - 76.0 Freon 12 326 __86.0
5 -163.3  38.5 75.0 Freon 13 325 86.6 ;
6 -163.3 . 37.5 88.5  Freon 13  325. 93.0 i'
7 . -167.2  38.5 101.5  Freon 13 325’ 101.5 B |
8 -162.0 38.5. 62.0  Freon 13 325 76.0 ; ; L,
9 -162.0  38.5 61.0 . Freon 13 483 93.6 N o
10 -164.7 - - 37.5 74.0  Freon 13 483 120.0 o
11 -164:.0  37.5 87.5  Freon 13 483 125.0 % ? ;5
12 -164.0  37.5 101.0 - Freon 13 483 108.0 B
13 -317.2  38.3 87.0  Nitrogen 480 48.5 i | f;
14 _315.4  .38.3 73.5  Nitrogen 480 44.0 . :
15 314.2  38.3 .. 101.0  Nitrogen 481 0.0 Lo
N 16 -311.6  36.3 61.5 Nitrogen 485 * -
17 -313.0  36.0 87.5  Nitrogen 325 29.5
18 -316.2  37.0 101.0 . Nitrogen. 325 0.0
19 -316.8 ..38.3 75.0 _Nitrogen 325 0.0 |
20 -311.2.. .. 38.3 62.0  Nitrogen 325 0.0 ! ! ?3
|
1
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; Table 5.2 Continued
I _ Tﬁg? ?% 9§SPdVC e My »pqu pnn:n i
By (watts). psia psia
k g ‘; 1 11.1 0.521 0.432 176.4 73.6 —— 2.41
; 2 20.0 . —..0.601 0.496 177.1 91.8 1.93
3 24.4 0.637 0.525. . 160.6 83.7 . .-1.92.
4 15.7 0.571 0.486 — 165.9 75.8 2,18
5 17.0 0.441 0.625 - 289.1 124.1 2.33
21.8 0.480 0.667 —.-262.1 123.8 2.12
77T 28.6 0.496 0.641 257.6 131.5 1.95
8 22.9 0.388 0.580-  .279.9 117.2 2.38
9 31.4 0.377 0.589 228.0 87.5 ¢.61
10 42.0 0.439 0.638 242.7 100.0 2.43
11 57.6 0.499 0.681 226.4 103.5 2.18
12 72.2 0.519 0.619 220.9 108.7 2.04
13 74.6 0.325 0.806 313.0.  131.7 2.38
14 A56.4 .0.299 0.750 321.7 125.3 2.56
15 76.9 0.366 0.827 224.2 96.5 2,33
16 26.5 0.279  0.710  169.8  62.0 2,74
17 23.4 0.320 0.722 . 301.0 133.3 2.26 —
18 29.4 0.336 0.799 269.9 125.8 2.14
19 17.2 0.286 0.760 - 298.6 122.0 Z.45
20 - 38.6 0.280 0.672 308.7 120.5 2.56
Static heat leck at 1 atm = 39 watts
Static heat leak at 2.0 torr = 25 watts
* venting nitrogen vapor from cold exchanger shtll wiih o load
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! Explanations of the Rios theory were not given in Section 4. During the current
; effort the author was not able to ccmpletely review and become familiar with.

| it. However, he mow has the computer program and one might be able to use it .
l without really understanding it. Rios claims very close agreement.between : J
his theory and experiment. In Figures 5-3, 5-4 and 5-5 the points are the C
experimental points from Table 5-2. The 1ines are calculated by his computer ‘ '
program. These results show very good agreement at almost every point. The
parameters used in the captions in Figures 5-3 to 5-5 2re defined as follows: o

3 . K3 — * .
rVI = displaced-mass ratio = VACTw /VAwTC 1
T = heat gxchange temperature, absolute degrees ;
VD = mDRTw /pVAw = reduced dead volume- i
mp = mass of gas in dead space, grams _ ‘
B R =.gas constant, J/g K S
p = instantaneous pressure, MPa- ‘ i%
Pes © ratio of connecting rod length to one-half the stroke !
- - L‘
The quantity VD is given as a constant although both m, and p- vary during the '\
cycle. If the'dead volume gas temperatures do not chaRge, m. is proportional : ‘1
to p and.V, would be. a constant. This nees to be discussed. The quantity res S

is given al 4.8. But in appendix G of the Rios. thesis (69 ar) the ratio for o
the connecting rod length to the full stroke is 4.8. Rios writes that the LR
latter is correct. P

Measured and calculated pressure drops are given for Rios' 20 data points (see |
Table 5.3 and Figure 5.6). Good agreement.is shown although there is increased I
scatter at the lower vilues. ‘

- 5.3. The GPU-3 Engine

This engine is described in detail in Section 3.3. Figures 3-24 and 3-25 show
that the efficiency and engine power now at NASA-Lewis are about as good as 3
they were when the engine was first tested at Ft. Belvoir by the U.S. Army. e
Eight test points are given in Table 3-8. It is planned that the various ways !
of computing Stirling engine performance will be compared with experimental
measurements now being made with the engine.

Rl XL e N e i L

Table 5-4 shows the computed results using the NASA-Lewis 3rd order calculation }
procedure explained_in Section 4.4. |
Table 5-5 shows the computed results using the 2nd order calculation procedure.. ;
given in Section 7. Both Table 5-4 and Table 5-5 give a detailed braakdown ’ i
of the basic powers and heat inputs along with an iteinized list of the losses !
in approximately the same format. Table 5-6 compares the indicated power output ;
and.the indicated efficiency obtained from the two methods of computation. Note._.

puv
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) Table 5-4
LeRC Computed Performance for GPU-3 Test Points
Heatar Average Gas Temperature 978 K (1760 R)
Cold Metal Temoerature 295 K-{520 R)
Test Point 1 2 3 4 5 6 7 8
Engine Speed, RPM - 1500 2000 2500 3000 3000 1500 3000 1500
Hz 25 3333 41.67 50 50 25 50 25
Mean Pressure, .MPa 2.068 2,068 2.068 2.068 4,136 4,136 - 2,758 2.758
psia s — 300 300 300 300 600 600" 400 400
Power,watts (HP) 2163 2068 1758 . ™
. . ; ‘ 541 8650 347 5824 2938
Basic (indicated + windage) ... (2.90) (3.98) (5.04) (6.09) ..(11.6) (5.83) (7.81) (3.94) -
Total Flow Friction .
44.7 96.9 179 298 1044 157 783 119
(heater + regenerator + b
cooler + end effects) ‘ (.06) (.13) {.24) (.40) (1.4) (.21) (1.05) (.16)
2118 2871 3579 4253 7606 4191 5041 2819~
Indicated Power (2.84) (3.85) (4.80) (5.69) - (10.2) . {(5.82)  (6.76)  (3.78)
. . X 432 597 753 910 1730 872 1163 589
Mech. Friction (-2xBasic) (.58)  (.80) (1.01) (1.22)  (2.32) (117 (1.56)  (.79)
1685 2274 2826 3333 5876 3318 3878 2230
Brake Power {2.26). (3.05) (3.79)  (4.47) (7.88)  (4.45) (5.2y - (2.99)
Heat Input, watts (HP)
Basic (includes everything 4004 5391 6786 8
except shuttle 10ss, 158 16629 - 8322 11051 5563
stat"i)c conduction and (5.37) (7.23) {(9:10)  (10.94) (22.30) (11.16) . (14.82) (7.46)
windage credit)
410 410 410 410 336 336 336 336
Shuttle Loss (.55)  (.55) (.55)  (.55) (4s)  (.45)  (Las)  (.45)
: - 1044 1044 1044 1044 1044 1044 1044 1044
Static Conduction (1.40) (1.40)  (1.40) (1.40)  (1.40) (1.40)  (1.40)  (1.40)
Windage Credit (total -22.4 -44.7 -89.5 -149 -522 -74.6 -388 -59.7
windage 10ss/2) (-.03) (-.06) (-.12)  (-.20) (-.70)  (-.10) (-.52) (-.08) i\':‘
5436 6801 8151 9463 17561 9702 12118 6957 i.':i
Net Heat Input, watts (HP) (7.29) (9.12)  (10.93) (12.69) (23.45) (12.91) (16.15)  (9.23) 4
Brake Efficiency (%) 3.0 33:4 34.7 3.2 - 33.6  34.5 32.2 32.4 b
Indicated Efficiency (%) 39.0 42.2 43.9 44.8 43.5 43,5 41.9 41.0 ‘5
Temperatures, K (R) t«?
Time averaged gas 979 979 979 979 979 978 975 978
temperature in heater (1762) (1762)  (1762) (1762) (1762) (1760) - (1755  (1760)
(Point 5, Fig. 3-27)
294 294 294 294 294 294 294 294
Cold Metal (530)  (530) (530)  (530) (530) (530) (530) (530)

REPRODUCIBILITY OF THE

ORIGINAT, PAGE IS POOR
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fable 5-5

--Computed Performance for GPU-
978 K (1300 F)

Hot Gas Temp.

3 Test Points

Cooler- Temperature 295 K (70 F)
Cooling Water Flow, 6 GPM

3 4

164

Test Point i 2 — 5 6 7 8
Working Fluid H2 H2 H2 H2 He . He .. He He -
Engine Speed, RPM - 1500 2000 2500 3000 3000 1500 3000 1500
Hz 25 33.33 41,67 50 50 25 50 25
Mean Pressure, MPa 2.068 2.068 2.068 2,068 4.136 4.136 2,758 2.758
psia 300 300 300 300 600 600 400 400
Power, watts .
Basic Power Output, BP 2287 KIRK] 3940 4742 9405 4736 6293 3067
Flow Friction Heater, WPH 12 .. .26 49 - 82 289 41 209 30
Flow Friction Regen., WPR 93 169 - 267 389 912 217 880 2N
Flow Friction Cooler, WPC 2 4 . 70N 29 6 28 4
Indicated Power, IP 2180 2914 3617 4260 8165 4472 5176 2822
Mechanical Friction, MFL 457 623 " 788 949 1882 947 1259 613
Brake Power, NP 1723 229N 2829 ~ 3311 6283 3525 3917 2209
Heat Input, watts
Basic, BHI 3415 4603 5791 6960 13860 6957 9259 4566 -
Reheat Loss, QRH 104 156 214 277 337 126 191 72
Shuttle Loss,.QSH 449 448 447 445 379 381 379 381
Static Conduction, QS 1118 18 1118 1118 1108 1108 1108 1108
Pumping Loss, QPU 14 22 31 4 79 26 42 14
Temp. Swing, QTS 52 69 87 104 - 146 73 65 33
internal T.S., QITS 0 0 0 1 i 0 0 0
Heater Friction Credit, WPH -12 -26 - -49 -82 -289 -41 . -209 -30
Half Regen.-W. Credit, WPR/2 -47 -85 -134 -195 -456 -10¢ -440 -106 -
Net Heat Input, QN, watts 5102 6305 7505 8769 15165 8521 10395 6049
Brake Efficiency, % 33.8 36.3 37.7 37.8 41.4 41.4 37.7 36.5
Indicated Efficiency, ¥ 42.7 46.2 48,2 . 48.6 53.8 52.5 49,8 46.7
Temperatures, K
Hot Metal not calculated
Effective Hot Space 978 978 978 978 78 - 978 978 978
Regenerator 570 570 570 570 570 570 570 570
tffective Cold Space 323.33. 316.55 312.62 311.66 314,30 312.07 313.24 321.25
Cold Metal 295.48 295.70 295.93 296.17 297.41 .296.02 -296.66 295.66
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bl Table 5-6
o Comparisons of Indicated Power Output and
- e Indicated Efficiency for GPU-3 Test Points
%
L Test Point 1 2. 3 4 5 . 6. 7 8
f h“ . » . K‘
. Working Fluid H2 H2 H2 H2 ' He He He He 4
i?j Engine Speed,_ ¥
P RPM 1500 2000 2500 3000 3000 1500 3000 1500 :
§§j Hz 25 33.33 41.67 50 - 50 .. 25 50 25 j
i Mean Pressure, |
) MPa 2.068 2.068 2.068. 2.068 4.136 4.136 2.758 2.758 i
j{; psia 300 300 300 300 600 600 400 - 400 :
iE@ Indicated H
b Power, watts , |
P LeRC 2118 2871 3579 4253 7606~ 4191 5041 2819 j i
| } Sec. 7 2180 2914 3617 4260 8165 4472 5176 2822 o
{ | Indicated “!
_ P Efficiency,% »
S LeRC . 39.0 42.2 43.9 44.8 43.5 43.5. 41.9 41.0 -
i Sec.. 7 42,7 46.2 48.2 48.6 53.8 52.5 49.8 46.7 =§f
i N D
i ! that agreement is usually good between the two calculation methods for low [ ]
! i engine speed (25 Hz). As speed increases the second order design method i
! ‘;§ described in Section 7 predicts a higher rate of increase in power than the third ¥
o order. calculation procedure formulated by LeRC and described in Section 4-4. ;»
3 D
| : At this point, no experimental measurements have been received. It will be i§
ﬁ very interesting to see how they compare with these predictions. .
| |
:
o [
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6. AUXILIARY STIRLING ENGINE DESIGN PROBLEMS

More than is usually the case for engine design, the design of a proper Stirling
engine requires the close and interactive cooperation. among 1) the engine thermo-
dynamicists who figure the power output and heat input for a particular engine
configuration, 2) the mechanical desigrer who works out the seals and the mech-
anisms that operate the pistons and the displacer, 3) the designers who add
required components, such as the burner and air preheater, starting motor, power
control system, transmission system, etc., and 4) the manufacturing engineer who
determines whether the machine as designed can be built so as to be sold for an
attractive price in the market place.

Discussion of the various Stirling engine component design problems falls outside
the scope of the-present effort. Some of these problems were discussed briefly
in Section 2 and Section 3. The subject index to the references (Table 8-5)

can give the reader access to pertinent Titerature.
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N 7. SAMPLE DESIGN PROCEDURE

& preliminary  indication of how a-Stirling engine designed by expéerts can be
applied in a new situation,

A good second order design procedure can be used to design a Stirling engine

1 from scratch. The simp1ifying assumptions that are made have been found by -

1. comparison with some smal] engine tests to lead to reasonable accurate predic-
e tions over a usable range of engine operating conditions. A second order design
procedure is simple enough to be done a few times by hand. The procedure can be
incorporated in a computerized search routine to search out the best design out. ..
of many thousands of possible designs.

Third order design procedures are much more realistic but also much more labor-
Some.  Even the simplest Procedure requires the use of a large computer. Third
A order procedures will be useful for studying in detail the performance of a

_§=9 given engine. If proved valid by agreement with experimental measurements it
zy

information that cannot be measured reliably. Specifically, third order

fﬁ* 1. Third order model predictions of how internal engine variable change
X over the cycle could help improve simple equations used to calculate
losses and powers in second order procedures..

2. Third order calculations are needed to assess the 1imits of the observa-
tion that for normal engines, the assumption of isothermal hot and .cold

Spaces gives the same basic power as the assumption of adiabatic hot
and cold spaces.

! 3. A third order kind of mathematical model would be needed to calculate

ggﬂ the effect of engine imperfections such as non-uniform temperature .

8 distributions in heater head and flow maldistributions.

Sl 4. The most rigorous third order mode; produced by Urieli (77 af), by
ol Schock, (no reference), and by: Vanderbrug (77 ae) can be used to show
P ‘gﬁ' how significant the effects of fluid inertia and pressure wave. dynamics

7 “ are in a particular case. Puzzling performance might be explained only
‘ %;, when the most rigorous third order mode] is employed. Comparison of

ﬁ; these rigorous models with simpler third.order models like the LeRC

&) model (77 b1) and to second order models could Tead to rules to deter-

ﬁ? mire the limits.for-each method.

} %g% The procedure outlined in this section is second order. A less complete version
< of -this procedure has been used by the author to calculate artificial heart
\ i engines. Equations have been added to quantify loss mechanisms found important
= in cocling engines. The procedure has been broadened to apply to crank operated
machine and machines usi g many different types of heat exchangers and regener-
ators. This procedure is not published elsewhere. At this point it is not
known whether this procedure is a "good" procedure -because it has not as yet
been checked out by comparison with experimental measurements of-large engines.
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d in this section will start with engine dimensions and

L od to calculate the input heat requirement and
the output power. The procédure uses the cquations described.in Sections 4.7

and 4.3. Section 7.1 gives the blank design forms adapted to a nunber of

| different kind of engine designs. It is also adapted to the use of helium.. i $

L hydrogen or air as the working fluid. Air has not been used recently in large -

power engines, however, some designers may want to consider it for simple

engines. Section 7.2 uses the design form from Section 7.1 to calculate the i

performance of operating point 1 on Table 3-8.
\

7.1 Stirling Engine Design Fori -~ W. R. Martini, October, 1977

The procedures outline
operating conditions and proce

) N

1. -Type of Piston Arrangement

1.1 Alpha: Dual Piston

mine hetestiite cotine,

DE = diameter of expansion,.hot,-pistoh cm.
SE = stroke of expansion piston cm. Lo :
OC = diameter of compression., cold, piston __ cm. | ?j
SC = stroke of compression piston _. cm, g
1.2 Beta: Displacer-Piston Overlapping-Strokes : '?
pcYy = diameter of engine cy]inder’___ cm. 1 ‘:
Sp = stroke of displacer cmr é f '
SP = stroke of power piston _. _cm, z '
DDR = diameter of displacer drive rod cm . 2 ! :
1.3 Gamma: Displacer and Piston in Separate Cylinders % | ;;
DD = diameter of displacer cylinder cm. % :*
sp = stroke of displacer ______ ¢M % | :
DP = diameter of power piston cylinder cm. |
Sp = stroke-of power piston __ cm.
DDR = diameter of displacer driver vod ______ _CM- :i |

2. Dead Volumes .and Heat Exchangers and Wall Thicknesses ,

2.1 Volumes and Heat Exchangers at Heat Source Temperature

el v s R .
5 s Bt et M S e NSNS i L
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VHDX = extra hot dead volume besides that in ‘the gas heater

lﬁj ______ . e
l ; ; 2,1.1 Tubular Gas Heater
| j‘j NTH = number of heater.tubes par power unit ——
| T:; LH = total length of each heater tube cm.
i?‘ LHHT = heated length of each heater tube e CM,
‘ DIH = inside diameter-of heater tubes e ___cm,

DOH

outside diameter of heater tubes . cm.

©2.1.2 Annular Gap Gas Heater

heated length of heater surface cm,

LHHT =

GH = single annulus heater gap thickness —_ o _em, g?

2.1.3. -Nesting Cone Isothermalizer |
NC = number of cones on piston or displacer ';
DC1 = diameter of cone at base - cm, ! t}
LC1 = length of cone cm. ? s

SCL = stroke clearance cm. ? i;
2.2 Volumes at Regenerator Temperature ﬂ i,
2.2.1 Screen Regenerators a ‘ :E
LR = length of regenerator . cm. ;f"fi
NR = number of regenerators/unit ; ?g
DR = diameter of each. regenerator - cm. ; :3
NS = number of screen layers . ? ‘?
MSH = mesh size ___ wires/cm. ;; ¥
— THW = thickness of wire in screens . cm. ;i !
FF = filler factor, fraction.of regenerator volume 1 ;
filled with wires _i :
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Screen material e e
2.2.2 Slot Regenerators

LR = length of regenerator - cm.

GR = regenerator.gap thickness cm.
AF = free flow area through regenerator cmz.
THE = thickness of foil separating gaps cm.

2.2.3 Displacer or Hot Cap Gap Volume

LD = length of displacer CM e -
cm.

"

DCY = diameter of cylinder around displacer __

gap between displacer and cylinder wall cm.

"

GR
Displacer wall material

Cylinder wall material .

WT1 = wall thickness of displacer, cm.

uT2 = wall thickness of cylinder wall cm.

EH = emissivity of hot surface inside of displacer or hot cap

£C = emissivity of cold surface inside of displacer or hot

cap . e

NRS = number of radiation shields inside the dispiacer

or hot cap .
2.3 Volumes and Heat Exchangers at Heat Sink Temperature

VCDX = extra cold dead volume besides that in the gas cooler

CII\3 .

2.3.1 Tubular Gas Cooler

NTC—= number of cooler tubes .per_power unit

LC = total length of each cooler tube __cm.
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Lo LCHT_=.cooled length of each cooler tube .. . ___ ¢M. ;
| =f DIC = inside diameter of cooler tubes cit.

outside diameter of cooler tubes : cm.

Pad Doc
2.3.2 Annular Gap Gas.Cooler i
LCHT = cooled length of .cooler surface . cm. <

et et

GC = single annulus cooler gap thickness cm.

2.3.3 Nesting Cone Isothermalizer. z

NC.= number of cones on piston or displacer

PR NS

DC]» diameter of cone at-base cm.

R
w. |
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LC1 = length of cone cm.
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2.4 Regenerator Wall Dimensions (see-Figure 4-24)

stroke clearance _cm.

i

EX L ARt AR
<
T

heat conduction area.at hot end cmz.

heat conduction area at level B cm2.

heat conduction area at level A __cm2. H

heat conduction area at ccld end __ en.

AHTH

et £ 5

AHTB

AHTA

AHTC

PEPRATRFILE - W - ¥ [ K ST e _rricy I

LHR = hot length regenerator wall cm.

LBA = middle length regenerator wall cm.
LAC = co]dﬁlengthwregenerator wall cm,

Regenerator wall material

Temp K Thermal Conductivity
THM = KMH = w/cmek .
B = _(est.) KMB = i
TA = (est.) KMA =
TCM = KMC = _ 1

171




[
P
e h Ty

0 et ATy drd Aol P YW ARCREP S IR S A B L L I

L . 2.5 Cylinder Wall Dimensions (see Figure 4-23)

AHTH = heat conduction area at hot end cmz.
b AHTB = heat conduction area at level B. em?.
| AHTA = heat conduction area at level A g em?,
| AHTC = heat conduction area at cold end.. cmz. ‘
j LHB = hot length regenerator wali cm. e _ E } 1
j LBA = middle length regenerator wall cm.
; LAC =

cold length regenerator wall cm,

Cylinder wall materiai .

B -

Level Temp K Thermal Conductivity i '
THM = KMH = w/em-K '{ "
TB = (est) kv = 5
TA = (est) A = | “!
TCM = kMC = o { i
| 3. Drives ; ‘: ?j
N = Number of power units/engine . E ‘ ii
3.1 Alpha - Swashplate (Fard-Philips) ! ‘:
ALPH = phase angle (usually 90°) 2_ % ?
3.2 Alpha - Crank (United Stirling) f
LCR = connecting rod length __ cm 3

s

RC = crank radius .om.,

ALPH = phase angia (usually 90°)

3.3 Beta-Rhombic Drive

LCR

connecting rod length ___¢cm,

1]

RC = crank radius cm, .

o . oo s,
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ECC = crank eccentricity (see Figure 4-15) cm.,

3.4 Beta or Gamma - Crank

LCRP = length of power piston connecting.rod . cm
RCP = crank radius for power piston cm.
LCRD = length of displacer connecting rod . cm. : Ny
RCD = crank radius for. displacer cm. B
ALPH = crank ang]e._______P, usually about 90°.

3.5 Beta or Gamma - Scotch Yoke or other.SHM Linkage

ALPH = crank angle ° ' fi
4, Given Operating Conditions - !j
TC = effective temperature in cold, compression space K. f,
b 4
K= C+273.1 Muxe initial ‘ f'
K= ( F+460)/1.8 estimate |

TH = effective temperature in hot, expansion space,

initial estimate or measurement __ _. K.
FCW = cooling water flow g/sec.
TCWI = Temperature of cooling water into engine K..
NU = engine frequency HZ.

(HZ = RPM/60)

PMAX = maximum engine pressure. MPa.,

MPa = 0.006894 {psia) ...
= 0.1013 (atm)

PAVG = time averaged mean pres:ure _ ~MPa.

THM = .heat source metal temperature K.
TCM = heat sink metal temperature K. 3
Working Gas .
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5. Computation of Engine Volumes

5.1 live Volumes:

VHL

11

hot Tive volume, cm3 for alpha dual pisten, SHM,

(simple harmonic motion) T

h

F O (sE) =2 (- )2 )= en’,

for beta, SHM

= o2 (o) =L ()= cns, .

for gamma,. SHM- i '

BACHRC S O LA n’, | 1
4 J

Note: Live volumes for crank and rhombic drives will - '?3

need not be calculated.
3.

VCL = cold 1ive volume, cm

for alpha, SHM | ¥
T m 2
7 (002 (s0) =7 %

n
0
3

]
|
for beta or gamma, SHM : i i

T 2 2 o 2 _ 2
I(DD-DDR)SD—Z‘—( )

VPL

power piston live volume, cm

for gamma, SHM
T 2 _n 2 - 3
= g (DP)%(sP) = 7 ( ) )= o,

el

5.2 Dead Volumes

- PSP P T

VHD = hot dead volume, cm3
for--tubular gas heater j

= VHDX + 7 (DIH)2(LH) (NTH)

[ERUPNISURN 9

Voot T T
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for annular gap gas heater ...
o = VHDX + "(DCY or DD) (LHHT)(GH) |
e - LG I S I G I on’.

for nesting cone isothermalizer

VHDX + 2{05 or DCY or DD)2(SCL)

ft

A i R N A T NN ek b i B B e

ki) |
= + '4- ( . )2 ( ) = cm3. ‘
VRD = regenerator dead volume, cm3' ‘
f for screen- regenerators, short cavculation R
VRD = WR(7)(OR)A(LR) (1 - FF)
i)
0z C 0 Hya- - e, i
for screen regeneratcrs, long calculation g '
CwofT 2 m 2 ¥
VR = Wz JoR)2 [(LR) - 0ns) sk ()] :
) 1l ' 2 .;; :
SR A S L N Y R O N S
3 g
= — cm k I
for slot regenerators 5 i
VRD = AF(LR) = ( ) = e’ %3‘;
for alpha or.gamma type ‘f 5
VCD = cold. dead volume. . ;

for tubular gas coolers

VCD = VCDX + g(DIC)Z(LC)(NTC)

( )4 ( ) ( ) = em’,

= +

=

for annular gap gas cooler

VCD = VCDX + m(DCY or DD)(LCHT)(GC)
: £ ) ) ) = e’ ‘
N for nesting cone isothermalizer |




| = VCDX + g{DE or DCY or oD)2(scCL)
|
I y) 3
= + I( Y A ) . ¢cm.
J; ? For beta type, ALPH = 90°
' B © VCDHX =.VCD, calculated above
| S
o VCD = VCDHX - VCL (1 - ‘%—)
i
: 6. General Intermediate Parameters
' i
| ; TAU = TC/TH = (/I ) =
SRR = (THM - TCM)/1n(THM/TCM), =
S
P, ! = ( - Y/ In( / ) = K
KAP = VCL/VHL = / =
_ 1C (wHD , VRD , VCD
S = VAL (TH *RT TC>
= ( + + )
_ VTADZ + 2(TAU) (KAP)cos (ALPH), + (KAP)®
(TAU + KIP + 25)
= \f )2+ ) )cos( ) + ( )2
¢ + ¥ 2 )
DMAK = PAVG .
(i - DEL)/(1 + DEL) N1 - /(1 + )
= MPa
BMIN = pMAX(1 - DEL) _ (1 - )
{1 + DEL) 0+ )
= MPa
7. Basic Power Outputs
7.1 Alpha Engine - Schmidt Equation
176




AL T

THET

il

= tan

The basic

BP

tan

.
,
' : {

< S
' 4
] . 1
; \ .
: ) ’
| i : '
-t w4 0 + A e i e -

']<KAP sin(ALPH)/(TAU + KAP cos(ALHﬁﬁ)

']-< sin( cos ( 9)

degrees

Y+

power, BP, is

- NU(PAVG) (VTL)™(1 - TAU)(DEL)sin(THET)
(KAP + 1)(1 +V1 - (DEL)®)

( JC )"(1_- )(

( s - )

= watts..

7.2 Beta Engine, Schmidt Equation
K = VPL/VHL

/ =

o
"

V1 + K& - 2Kcos (ALPH)

A

L )2

- 2

VD = VHD + VRD + VCD

+ + = cm™,

Y = TAU +4(V°)

+4<

TAU
(T+71A0) * P

VHL

)(1 T T* =

X = V{TAU - 1)2 + 2(TAU - 1)Kcos (ALPH) + K2

= \A..-.__..- ])2 + 2(

n

- 1)(

)cos(

a
<
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gp = NUCM)I(1_- TAU) (PMAX) (VHL)(K)sin(ALPH) [Y - X
Y +VYe- X2 Y + X

S D LI )( )( )( )sin(

P72

watts.

7.3 Gamma Engine -.Schmidt Equation
Evaluate K, D, VD and X in 7,2

- o[ ¥D (TAU
Z = 4(VHL - TAU)+ 1+ TAU + K

= ( ) '

= 4(____(] ry T+ 1 + + o
7= , B
i i
Then: E |
pp = (NUT(1 - TAU) (PMAX) (VHL)(K)sin(ALPH) [Z - X ' ’
Z +VZ72. %2 74X |
s
.

gp =4 LI )( ) ( ) )sin( [ §

S/ GRS 2 : |
= watts. -
7.4 Rhombic Drive Philips Engine (See Figure 4-15 and 4-16) : i
A = V(LCR)? - (ECC - RC)? N
. i
VO )% - - )& = __cm |

B =V(LCR)® - (ECC + RC)?
178
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=\ )e - + ) = . _cm

For a Check:

o= 3oen? - o) {a - Vitcw? T e )
Sy

V¢ = VCD + VCLX =

vC

"n
+

()

VC is calculated for PHI = 0, 30, 60, . . . . . . , 360° and

entered on. the next page.

D1 = Y(LCR + RC)% - (ECC)2

R

VILER - Re)Z - (£cc)?

N P A

C

VHL = (D1 - ©) 7 (0cY)?
= - )vg-( )2 = ems.
VH =

VHLX + V4D = g-(DC-Y)Z {\/(LCR)2 - (ECC - (Rc)cos(PHI)Y
+ RC sin (PHI) - C} + VHD

wegt 2 ) (- cos(pm)?
+ ____sin{PHI) - } +
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VH = V- ( . cos (PHT)) % + sin(PHI)

VH is .calculated for PHI = 0 - 360 and entered on pravious page.
VT = VH + VC + VRD = VH + VC +

VT is calculated for PHI = 0.~ 360 and entered on previous page..

1 1
P = =
Vi, VRD . VC VH VC
Y IWRTTC - =

P is calculated for PHI = 0 to 360 and entered on previous page.

© PHI = 360
PHI = 30 (see previous page)

Note: Do Not Add in P at PHI = 0

M(R) = oy = - K

pC =eP(?—é¥,l-G—>= P ( )

oC is calculated for PHI = 0, 30, .. .o» 360 and entered on pravious pg.

PC is integrated verses VT using the trapezoidal rule,ie.

1 +PC2 (yr2 - yTI). .

_ PQ]
DELW 5

For.the first increment the subscript 1 stands for PHI = o°
and the subscript 2 stands for PHI = 30°. For-the_second
increment the subscript 1 stands for PHI = 30° and the
subscript 2 stands. for PHI = 60°. DELW is sumed for all

12 increments. (See previous page).
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12
BP = NU(1.045) .;J DELW
1
= __,,___11-045) : = watts.

The mass flow rates are now computed.. ...

- P(VH) . _ P(VH) _
= oy ST ¢ ) Ry = 9%
M:MRz___‘.._—————
8,314 8.314
) M= g mol
FH is calculated for PHI = 30 to 360 and entered 2 pages back.
FHMAX = FHMIN = _
FH is graphed and effective times for steady flow in and out are determined
(See Figure 7-1)
FCT1 -=wmmn - FCT2 =
ECTH = FCT1 + FCT2 . > -
WHS = (FHMAX_ - FHMIN)M(MW)
FCTH/NU
A 18 = g/sec

n

L7
Fczﬂ%z%

FC is calculated for PHI = 30 to 360° and entered 2 pages back.

FCMIN =

flow in and out are determined

FCMAX =

FC is. graphed and effective times for steady

FCT3 = FCT4 =
FCTC = EE’I}:_..EQB- = ___..—-.“‘_,L.._.—‘—‘—'— =

(FOHAX = FOMINIM(HW)..
WCS = CEeTe/NG
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For the regenerator

FCT =. (FCTH + FCTC)/2 = ( + )/?

WRS

1

(WHS + WCS)/2 = (. + )/2

= g/sec

7.5 Crank Drive - Alpra Engine

VH = 7 (Dcv)z{ (RC) - V(LER)? - (RC sin (PHI))?
+ RC cos (PHI) + LCR}-+ VHD

-7 (. N - sin (PHI) ©
+ cos (PHI) + }+
VH = { -V - (_____sin (pH1) 2
+ cos (PHI) } +
Ve = é’-((nmr)2 (DDR) ) { v (Ler)? - ((Re sin (pH1 + ALPH)) 2
- RC cos (PHI + ALPH) - LCR + RC } + VCD
- 7 (( 2. >2) (WO 2 (¢ ) sin
(PHI + »;2 - cos (PHI + )
] + L+
Ve = { V. - sin (PHI + ) 2
- cos (PHI + ) - } +
VT = VH + VC + VRD = VH + VC +
p = ] - !
R L X
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VH, VC, VT and P are calculated for PHI = 0, 30, 60, . . . . 360°

and entered on the next page. -

PHI_=_360
PM = P 12 PM = L
PHI = 30 '
Note: Do Not Add in P at PHI = 0
_ PAVG _ ) -
MR) = = = 1 ) /K
PC =

()

Calculate PC and enter on next page,

PC is integrated vs VT using the trapezoidal rule as explained

in previous section,

12
BP = NU (1.045) :E:: DELW
1
= (1.045) = watts

Effective flow rates and effective fractions of the cycle times these flows
are assumed to occur in are computed using the method qiven in 7.4.

7.6 Rhombic. Drive Beta with adiabatic hot ana cold spaces.

Calculate VCLX and VHLX-as in 7.4,

VT = VCLX + VCD + VRD + VHD + VHLX
= VCLX + + + + VHLX
= VCLX + + VHLX

<
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Computation of Work Diagram. Crank-Alpha. _._ . .

DELW

PC
MPa“

VH VT
o’ em®

vC

PHI
3

120.

T, RaRrwh iR e i Dhbl B g O Lducan, il suid Tiite * ] L
P - ———— e -~ —

(50
180
210
240

270 -

300
330

360

P O YTy
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Lnter VeLX, VHLX and VT for PHI = 0, 30, .
nest page.
- VHD VRD WCD
Kb=Pni et e

._gas_ _nydrggen"‘ helium

. s 3600 on

= cm3/ K air
0.286 0.400 | 0.286
For X = 1 first calculate 1H (check 1) =
it VHLY > VHL12 [ if VHLS < VHL12 [ -

VHLIZ . VHL] - VHLIZ
msz (L) 5 (%)
2 \p12 PT?

TH = - + 1H

5

1H =

TH

For the first time around, THS12 and P12 will not be knhown.

VHL]

E
THS12 <§1‘-2->

™)

Assume

0

it

THS12 = TH and P12 = P1, so no.matter which inequality is true:

W - VLT _

TH cm3/ K

Enter at top of XM column on next page.

Next, calculate 1C (check 1)

i veLl ~ vewiz [ if
1o - . YOLI2 o, VELD e veL12
p1 \ E p1 \ &
TCs1? (PT&‘) Tc (m)
1C = e e o e e

1C =

](‘ F= S,

veLy <« vewtz [
_ Vel
E
. P
T(ns12 (P’TTL)‘)

(BL)

_ aafanadiie «—I.ik
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For the first time around, TCS12 and P12 will not be known. Assume

TCS12 = TC and P12 = P1. So no matter which inequality is true:

1C = Vgtl = = cm3/ K

Enter at top of XC column on previous page.

Now P1 is _determined by:

- 1.
P = TH + KT + 1C

In general, solve for P1 by a successive approximation method.
Enter P1 on previous page at top of column PX. Then.knowing P1,
calculate 1C ahd 1H and enter top of columns XC and.XH on previous

page. For the first time around P1 can be solved directly.

P] = — ] = - Mpa
} + . +
Then:
_ VHLY _ _
THS1 = == = = K
_veLl _
TCS] - 1C - - . K

Enter these at the top of their columns on previous page.

For X =.2

VHL2 > VHLY [ OR VHL2. < VHL1 []
oH = — VHLI - VHL2 - VHIE1 o = — VHL2 -

THST (-E—%) T (-E—%) THS (g%)
2H = = + 2H =

S =

Al i sty i Rk Wbl
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S

veLz2 > verl [ OR
2c = _VCLI L YEL2 - Ve
po\ £ /p2\ E -
TS (m—> TC (PT)
2C = +
CIC
p2 = ) -
S+ KT +2C
2H = 2C =
CVHL2 . )
Tsz = W2 -
VL2 _
Tes2 = YL2 - -

veL? < velr [

v
—7F
TCS1 (%2-)

2C =

g

P2, 2H, 2C, THS2 and TCS2 are now entered on the second line of

the table .2 page back.

rest of the cyzle back to PHI = 360°, X = 1.

will be different than .the pressure at 0°, P1.

The process continues as is outlined for the

~The calculation

procedure must continue until the.hot space and cold space

temperature and the cycle pressure repeat with adequate accuracy.

This-procedure must be programmed on a-hand-held computer, at

least, to be practical.

8. Fluid Friction loss
8.1 Regenerator Windage
8.1.1 VHL
TR

PAVG

Screens --

cin’ (from 5.1 or 7.4).
O (from 6)

MPa (from 4)
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for hydrogen:
68.73 x 1078 + 0.2 x 1078 (TR - 293) + 0.118 x 1of6 (PAVG)

MU

"

———-——

= g/cm sec

for helijum:

MU = 196.14 x 1076 + 0,464 x 1078(TR - 293) - 0.093 x 1078 (PAVG)
= : g/cm sec
for air: )
My = 181.94 x 1070+ 0.536 x 1076 (TR - 293) +1.22 x 1076 (PavE)
= g/cm sec
H2 He zir
RHOM = mean gas density MW = 2.02 4.00 29
_Wd . PAVG . 273 ., MW (PAVG)
= 27474 * §.1013 * TR 0.1202 =g
_ 0.1202( )( ). oo
( )
For analytical Schmidt Analysis
WRS = (VHL)(NU)(3)(RHOM) = 3( ) M )

= g/sec

For numerical Schmidt analysis (from 7.4)

WRS = g/sec
_VRD _ - 2
AC R cm
G =MWy = —= g/sac en?

190 e e
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1 H
= fa™)
no

—

~—

—

—

—

2
. O )
= 'cmz
RH = AC(LR)/(AHT)= ( 10 L. - cm
cp o ARHIG _4C (),
MU ) L

If RE < 60:

log F = 1.73 - 0.93 log (RE)
If 60 < RE < 1000:

log F = 0.714 - 0.365 log (RE)
If RE > 1000:

tog F = 0.015 - 0.125 log (RE)

FG)4 R
DELP = y .
2(107 ) (RH) (RHOM)
2
e L L ). MPa
(2 x 107)( ) )
For analytical Schmidt Analysis
WPR = (DELP)(VHL)(2)(NU) = 2( ) ) )
= watts
191
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A - . T M 1mad Loy mir.(?p—
el by e =
Voo ‘ L I ! : N
?: ! P! . ; { : 2\: ' l | \ : 1 Y - ' Lo '
? i Y N 1‘ ! ' \1 i ' ;:’)j , i , " :
’ ,‘ ! | } l’ ; ""'"\“'"'."'""' - et e ciabestnmat ok e & 2O} TRy
Lo
B }‘ For numerical Schmidt analysis
o _ (DELP) (WRS) (2) (FCT)
| WPR = (RIOM)
i: o | )( )2( ) watts
& ( )
.Ei 8.1.2 Slot or Annulii Regenerator
A RH = GR/2 = L__z?___L = cm
o !
E MU, RHOM; and WRS calculate.in 8.1.1.
v} | = MRS = = ! 2
, G A g/sec cm
e o MRHG AC N ).
y ‘ MU .= ( )
i If RE < 2000 If RE > 2000

24 24

E":-R-E_:.(_—_—T_:

ior = FEZLUHLI(N)

log F = -1.34 - 0.20..
1og(RE)

107 (RH) (RHOM)
O O )( ) )
107 ( )( )
WPR = watts

8.2 Gas Heater Windage
8.2.1 Tubular Heater

for Hydrogen:

MU

= g/cmesec

192

1076 { 88.73 + 0.2(THH - 293) + 0.118 (PAVE)}
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Tor Helium:
MU= 1070 196,10 + 0. 464(1HM - 203)

= ._@_,@,_,,“._uuﬂgffm’5°V

tor Air:

Yo+

3

M= 100 {181.94 + 0.536(THN - 29

e -

MU = _g/emesec

o

Ha He air

(%

My = 2,00 4,000 29

01202 -MW(PAVR)/ (THM)

i

RHOM

- 0,004 (PAVG)}

1.0 (PAVG)}

B

= 0,1202( 1 ) 7 GRS IS

For analvtical Schmidt analysis
WHS = (VHL) (NUY(3) (RHOM) = 3( )R

® . a/sec

B e

Far numerical Schmidt analysis (from.7.4)

WHS - a/sed

AC = (NTH)(DIK)® /4 = ( Y

1

G

RE

141

.G%&PE;:.L--T"fLKWW,&*).:

It RE « 2000, F = 16/RE = 16/(

-WHS/AC = %‘—“—"“’% e e

Y

)~“‘ l\fg} =

Y
_a/em” sec

) =

Lf RE ~ 2000, Tog F = =1,34 = 0.0 log {Rt)

e mae e e

!

|RR
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o analyvtical Schmidt analysis

WeH )7U“lUﬂQ(NQ. 4LA”)L“74)

(DIH) (RHOM)

WPH = watts

For numerdcal_Schmidt analysis

DELP = ‘,(r)(p (LK)

102011 ).(RHOM)
I T [ L o
107 I

- DELP{WHS )2 (FCTH)
WPH = e

(uwmwwj%:u,“%ﬂw@w*mlqzwum“muw

Al

8.2.2 Annular Gap Heater
© Find MU, RHOM and WHS in 8.2
AC = 7(DCY)(GH) = *( )X

WHS _

S Yo e

)

L0 )

107

SN

N

)

~ MPa

__watts

3

cm

2..
g/sec cm

]

- o@)e |2 :
e = A - S

If RE < 2000, F = 24/RE = 24/(

) =

If RE > 2000, log F = -1,34 - 0.20 1og (RE)

el = SF(@ “(Lﬂuj)§VHL)(N~l

107 (GH) (RHOM)

WPH = b 20 (.

) )C

107 ( )(

).

A .. A . a

___watts

e
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8.2.3 Nested Cone Isothermalizer

Find MU, RHOM and WHS in 8.2.1

BET = tan” | (N’TTDEEJ )'= tan”! (7—-——72 )

= _degrees
GTA = (sm. + §-E-—‘2’—‘1i[l) sin (BET) = ( b ——]si

= cm ;

I
ac = X n(gTa)(Ne) = = )( )( )
32 2 ,
G = WRE = g/sec cm2 '

).

_ 2(GTA)G _ 2( )
e - 26T 20 )

24/RE = 24/( ) =

If RE < 2000, F =
If RE > 2000, log F = -1.34 - 0.20 log (RE), F

\F Lc1) (w> (1 - }?) -

L =
R 2
= ( ) + 2 ( 0.29’)9 ) = cm.
WPH = 2F(6)2(L) (VHL) (NU)
7 -
10 (GH) (RHOM)
YU | L RN | G | G
107( )( )
WPH = watts
195
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8.3 Gas Coolep Windage

8.3.1 Tubular Cooler
for Hydrogen:

MU= 1070 18873 + 0.2(Tom - 03y 4 0.118(pav)

e o o e

e —————————

a/cm sec
et ————
for Helium: S

MU =107 196,14 + 0.464(7cN - 293) - 0.093(PAvG)!

e e

g/cm sec

S ——— r— -

MU =

for Aiy:-

My = 1076 {181.94 + 0.536(TCM - 203) + 1.22(PAVG)}

et ——— a—

g/cm sec-

————i 0 .

MU =

o he  air
MV = 2,02, 4.00, 29

RHOM- = 0.1202(MW) (PAVG)/TCM

= 0.1202( It )/( )
For analytical Schmidt analysis

WCS = VCL(NU)(3)(RHOM) = 3( )(.

a/sec

For numerical Schmidt analysis (from 7.4)

WCS = e ___9/sEC

R |



o —— e b

4 ’ 1 s o nd . “Tanred - )
AC = (NTCH(DIC)™ 4 = ( YD KR
e R
G - Niﬁ} fomeemee s g/sec em’

o (nIg)e )
RE - £~pﬁ9£-~ ( ( ) ).,_) .

It RE < 2000, F = 16/RE = 16/(

If RE ~ 2000, log F = ~1.34 - 0,

For analytical Schmidt analysis
\wcz:u@miuﬁ)@cu(mn
107 (DIC)(RHOM)

3

iH

) =

20 Yog(RE)

TS (G i G | A [ GRS )

NPC -
10°( )

1

WPC o watts

For numerical Schmidt aralysis

ISP 3 1(5) () I GO [ S i G

107(DIC) (RHOM) W07

= Wh~“~_w_NPa
upe - DELPLNCS)2(FCTC)
' RHOM

[ R L A 1

8.3.2 Annular Gap Cooler

Find MU, RHOM, and WCS in.8,3.1
AC = M(DCYY(GL) = o ) (

co NS L
' * R S

) L watts

Y
) = __em”

o
a/em” osec

IS I

i
]
4
1
H
i

. i g

ES WHONG S

-

it tan s B e e o it G eim Vo > M




e e

AR

MY 354

5 ool SR

PR

-~

95

%

i)

Rithoe . 3

g
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8.3.3

RE ;:_..2_@_29. = g-(— )——(‘.‘ )":.""
CTM ( /

If RE- < 2000, F.= 24/RE = 24/( ) =

If RE > 2000, Tog F = -1.34 - 0,20 log(RE)

2F(6) 2 (LCHT) (veL) (NU)

WPC ~7
107 (GC) (RHOM)

n

1]

™
‘\I
b
K—/

WPC

watts

Nested .Cone Isothermalizer

Find MU, RHOM, and WCS in 8.3.1

BET = tan'] (ﬂD{_]T)—) = tan'] <2‘(———T> =

GTA = <§CL + §9—§ﬁ;§9> sin (BET)

= < + 5 >S'in.(— ) =

AC = \-r‘lgi () (6TA) (NC) = \%( Mo )

= cm2

G = Hﬁ%—= — = g/sec cm2

- 2(6TA)G _ 2
RE _,_%mrj___ ( . ) ; ) -

If.RE < 2000, F = 24/RE = 24/( ) =

If RE > 2000, jog F = -1.34 - 0.20 Tog (RE)

sttt e,

I ey Sealill P

degrees

cm
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e PHE (L) ()
(GEY (RHOM)

10
GRS [N L G |

107 ( ) )

Wee = watts

~8.4 Fluid Friction Loss Summarvy

9..

10,

1.

(Gas Heater, WPH =

e —r— —— "

watts

Regenarator, WPR.= __watis

Gas Cooler, WPC = _ _watts

Total, WP e Cwatts

Mechanical Friction Loss

MFL = _based upon oxperimen

R I et e et Y

or

MEL = 0.2 BR. = 0.2 ( )

e —— .

Basic Heat Input

T L

Reheat. Loss.-

(0,020 > Lt

N | W §

tal measurement:

_watts

watts

11,1 Constant Volume Assumption (Fguation. 4-97)-

FCT = o (usually 1/3) (from
WRS s U/ 800 (Fom BLT)

7.4)

)
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A e AN AT .

i : \
! : !
| ! ! I
Vo= forTR= e e K (se0 Tablo 4-8)
Cp = for TR =

oo K (see Table 4.8). .
AHT = - cn® (from 8.1)

G =
PR =
RE =

e N S

e 9/CI112 sec (from 8.1)

for TR = . K (seé Table 4-9)

(from 8.1)
3
log G_(%P-)_ (PR)® J= ~0.13 - 0.412 1og (RE)

2
109((( )% 7 ( )§>= -0.13 - 0.412 1og ( )

H = w/cm2»°r< _‘
ONTWY = sz’g“TCV - (L M;E | ; -
QRH = (FCT)(l\lRS)(CV.)(THM-V--.-TCM)v<N $+'2>‘
=0 0 M) - ) <————~’-—-:-2->
= watts

11.2 Constant Pressure Assumption (Equation 4-98)

Find WRS, CP, AHT, G, PR, RE and H in 11

- HMT) () )
NTUP mré)ﬁp QY )
2

QRH

"

4% (WRS)(CP)(THM - TCM) (NTUP T 2)

G et e s

o BT T S B el -

e aeabe, Sk L d

i,

re

e el o




11.3 Qvale Equation (Equation 4-105)

Do not have the information to calculate this.

12. Shuttle Conduction

12.1

12.2

High Pressure Engine (Equation 4-110)

KG =
LTY =
LT2 =

K1 =

K2 =

w/cme K at TR = .

Cmi @ NU = HZ (From Table 4<11)
cm (LT o {NO)
w/cms K -
- From.Figure 4-22
w/cms K. -
KG  (LTD . LTZ)
KT k2

LB=1*77T@® (

LB = 1 + 2 T ( ) ( + >
LB =
/1418 \ 1 (SD)A(KG)(THM - TCM)(DCY)
QSH GRYTL
NERE L R L G - ) )
1+ ( )2 8 ( DX )
= watts
Low Pressure, Thin Walled Engine (Equation 4-111)
RO1 = g/pm3 displacer wall density
RO2 = g/.cm3 cylinder wall density From
CRl = j/g « K displacer wall heat capacity Handbook....
CP2 = j/g ¢ K cylinder wall heat capacity
201
o = 1 R 1 L d i I 1 —

K (From Table 4-9)

.
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T o0 T ‘ - .T ) ! ' ‘r
BENEE R |
' : : i i : } ;

- L j
wﬂm" mﬁm k.o . PR | . i
OMG = 2W(NU) = 2a( ) = é‘g’g"
KG =

13.

_.__W/emeK at TR = K (Table 4-9)

_ (k6)(sD) / 1 ]
SGM = ('GLRTZ"OL—MG%' <(R01)(CP.1)(WT17 * (ROZ)(CPZ)(WT?))

X D)
- M O \( I )

PR ——

T

_ 1 m (SD)2(KG)(THM - TCM) (DCY)
QSH —v.<‘-7] - 5o ) g (GR)(LD)

- [ T %) - )
" + (-.. )'?' 8 ( N )( ~f
QSH = watts
Static Heat Conduction
13.1 Gas-.Conduction Inside Displacer or. Hot. Cap
DID = DCY - 2(GR) - 2(WT1) = { ) -2 ) - 2( )
= cm
2
AHT = 2 (0ID)? - 7 )% = cm?
KG = w/cm s C from 12 -
= KG (AHT)(THM - M . ) ( ( -
x ) . / ’

( )

watts.,

13.2 Radiation Inside Displacer or Hot Cap
0ID _

w- T =

v A T H
roor T T .
.‘ ‘




YW | [T,

If:
0w<~m%%-< 0.2 then FA = 9%%
If:
0.2 < Q%%;< 7 then FA = 0.50 + 0,20 1n(9%%)
If:
DEg > 7 then FA =1
FE = (EH)}(EC) = ( ) ) =
o1 0 _
FN = RS © 777 =
AHT = w@%fmm13j)
- = "12 4 4
QR = (FA)(FE) (FN)(AHT)(5.67 x 10 ) { (THM)™ - (TCM)
= )( T 15.67 x 10712
-
= watts I

13.3

Displacer Cylinder Wall

KM = - w/em K at TR = K'(Figure 4-22)
AHT = 1 ((DCY - 26R)2 - (DI-D)Z) - 7 <( - 2 ))2
2
- )>
= C1112
Qo KM(AHT)(TH - TeM) L ( 20 ) - )
LD ( )
= watts
Displacer Gap

KG = _ ___w/cme C from 13.1

— o e

AR




AHT. = 1(DCY) (GR) = 1 ) ( ) = e
Qc LD | ——
= watts
13.5._Cylinder Na]}
Using the numbers in 2.5, -
Let:
\
. LHB)4 aC ) -
@ <mﬁ(mlmg) G s e
Then:
R = KMH g:%ﬁ§'= { )R D —
= . K/watt
Let:
@ - 4(LBA) _ _ _ 4( ) -
ARTB + AHTE T ER y =
Then:

S © N ( ) ) .
A T M GR B e o K/watt
Let:

- 4(LAC) . 4( ) -
O = mmcmire T Ty
Then:
R3 = Rﬁﬁgé:%ﬂt‘= 1 () - T)- S K/watt

_ THM - TCM ( -

QC”W+R2+R3’( )+() L)+() )
= watts

TB = THM - R1(QC) = (

) = ( ) )

K ~==~~ Original TB estimate was

Py

P
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r i ' T l o ? ‘ ! ! l | | ’\ : .
i ) [ ERal? B EFVE IRV s"wmﬂtvmm,\-u. wJ VR A oy L S ’ T R mm 5&5“ ;-1
TA = T8 - R2(QC) = ) - ( ) )
= K ===~ Qriginal TA estimate was K
Now:
KMB = w/cme K at TB
Figure 4-22
KMA = w/em s K at TA
Now- go around again,
- - ( ) -
R] - m% - ( ) + (.‘ —)‘ = K/Watt
- @) - ( ) -
R2 - m—+ KMA = ( ) + ( . = K/Watt
-0 - ( ) -
R T < T ) RE G K/watt
= THM - TeM ( ) - ( ) - :
QC-R]+R2+R3 ( )+( )+( v—)“‘ watts
T8 = THM - RI(QC) = ( ) = { 3 )
= K ~--- Previous aestimate was . K
TA = TB - R2(QC) = (. ) - ( )¢ )
= K -~-- Original TA estimate was K
Now:.
KMB = w/cm « K at T8 ,
, Figure 4-22 i
KMA = w/cm e« K at TA o i
i
A |
Now go around again, 5
Rl = et = ) - K/watt E
KMH ™+ KMB_Z. T TFT T

205




\
| 4
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| =
| Y,
b -
i
4
S
i i
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I
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b e
] i
) ; ’
|
|
I
i
v
b
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‘ t
. ( i
j !
P
!

g

TR L I PO Y

AR ﬂ ” .1,~_(, e = )._,_..N.« - K/watt
R TR T T ) Y T e MWL

: N R bt
R3 = KM?\"%-"KM'C‘ A ('j w7 D . K/wat

C O THM - TCM oY= atts
R S A ) I““""‘S) g A YFUT 7Y T e e WO
TB  THM - R1(QC) = ( . ) - (. 0 )

= K ~--= Previous estimate was ___ K

TA =18 - R2(QC) = ()= ( . )
n K ---- Original TA estimate was N

g

[7]7 Yos mmee-- Then go around again
([T N0 mmmees Accept Tast QC as accurate

13.¢  Regenerator Walls -
One regenevator wall will be calculated and then multipiied

NR. Using the numbers trom 2.4

J(LHRY . T q B
Let @= At 1y -

| S

Then R1 = }\N“‘QT\T‘TB = rm i *&)“T"(‘ -) - ‘-) o N/watt

Oy A i
R O S WA

) vy o i‘.) - . o

Then k‘""‘”"KMB” %&‘&m" S GREE i) 1 Lo Y e Nwatt
s ( \).. ‘1 LAC ‘ - . ,,,_.4 Y S

Let (&= A'HT?\(%-"‘I\ U 3( + () )

: L@ ) . oatt
Then R = }\Mf\k;kf\Mc = '("""""(‘ \I' " t T ) e Niwatt

AT

]




! o
R . . —— - L T N T cct] RIS |
";
’?‘" ’ ’ = ,WIML - TC_M = il =
e R I (“‘()TTL‘(TTT)7 o watts
TB = THM - R1(Q) = { ) - | ) )
| = K ===- Original estimate was K
o TA=T8-RAQ) =(  )-(. ) )
1! . TA = K =--- Original estimate was __ K
|
| i Now:
: t}‘ KMB = w/cme K at TB l
. Figure 4-22
IR KMA = w/cm s K at TA l S
i o
| Now go around again:
i = = ‘(~ ) = ]
; e S A Y " K/watt
T o= = 4( ) [, ’
- - ( ) - .
JOTHM - TOM b= ) i :
CCRTR AR Ty IE G BRS—
TB=THM - R1(Q) = (. ) - (. . ) Y
= K.--=- Previous estimate was __ K
TA=TB -RQ).= ( . )-( ) )
o K ==--Previous estimate was ___ . K

Does the difference significantly change the thermal conductivities?
Yes [7] then go around again
No [] then go on

QC = Q(NR) = ( ) watts.
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Regenerator Matein (brom 001D

L1 Sereen Stack (taquation 4100

M o wAame Nat IR N(Hia, 800

NG wiome Nt IR No(Table 4-0)

>
=
et
7
o
g
=

e

—
—

Ve "
ot
-~ t
—~—

ow,ame N

AHY ; (DR ; ( o o
ac - WNRIRMVARDY (M- TeMy e e e e
\ LR ( )

watts
13,70 slots, Mudtiple Annulid (Equation $-100)

AM. KNG see L2001 (nambers treom L0000

O RGEER) ¢ NMEOTHEY (S )ty )
AMY - Y G R R N Sedy
e oowomeeN
1 ap (GROUORY L
AHL Al ( (‘.R“) ( \ ( . )
________ cmn
o RMVEAHDY TN - TeMY i \ -
Q¢ TR ( .\\
watts
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g " f
v 13.8 Summary of Static Heat Conduction ... 3
: Section :
¥ 13.1 das Cond. Inside Displ. QC = ___ . watts |
Do 13.2 Radiation Inside Displ. QR = _ o 3
| 13.3 Displ. Wall Qc = . :
! ? ]
A 13.4. Displacer Gap Qc = %
oo 13.5 Cylinder Wall QC = L
! ‘E 13.6 Regenerator Wall . QC = 5 .i
‘ ﬂ 13.7 Regenerator Matrix QC = ? i
Total QS = : y
14..-Pumping Loss (Equation 4-126) 3 '!
PMAX = _ MPa from 6 P i
PMIN = MPa from 6 ‘ | i
2.02 for H2 i
R = = BE | §/ae K MY =14.00 for He ‘
29  for air ;
VAR (normally 1 except when gas temp. < 70 K) ‘%
0.6 1.6 i
QPU = mopey \ O 2(LD)(THM - TCM) (PMAX - PMIN)NU(CP)2\ ° GR2"6 ;
KG ) T.5(27Y .\ (THM - TCM)RM 1

aPu = <1(L—Wl>06 £l

R
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e
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14, Tamporatyre SWing Loss (Equation 4-108)
FOT = U TR B
ROM i-’-m__m“'__*__mmg/cm3
~ from Standarg References i
CPNAR‘”“MM_J"‘*‘h’j/g:-k, . ]
For Screen Regenerators:
wo ‘)

MMX = NR x-(DR)“(LR)(FF)(ROM)
2 |
= ( ) T ) ) N ) |

!
= g - .
e

For Siot Regenerators:

MMX = (LR)(THF) (AF)-GR = (. ) ) M ( )

=

————

= MISCOV) (FOT) (7w gy . )
DELTNN = NJﬁ%ﬁ}ZCémY“ 1 '("'”!)(“ T )

— A
QT8 = (FCT)(NHS)(CV)(DELTMX)/Z
= ( ) ) It )72

watts.
——
18, Interna) Temper

KM~ =

ature Swing Loss
. Weme K from Figure.q-pp

Fop Screens.:

UR*'WM@ = | ).

R cm
————

Cd = G205
For Stots:

LMX = THF, D = ( . )/

rs
n

cm
S ————————

€3 = 0,32
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oL = QTS{CB_%_(B%_I\(Q_ CPM) (LMX) 4 (NU.
KN FcLT'T‘LL“'u’")‘
)(

1]

[ ){ I¢ U
( )X )

]

watts

17. Performance Summary

Net Power, watts . 1st Iteration

BP = basic power =

2nd 3rd

(from 7)
Wp

1

windage. power =
(from 8.4)

MFL

friction loss
(from 9)

mechanical }

NP

BP - WP - MFL =

net power

Net Heat Input (watts) 1st It.
(Equation 4-132)

BHI = basic heat input =

2nd 3rd

(see 10)
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Net Het-Input (watts) st It.. ond 3rd
+QRH = reheat loss = 1 |
(see 11) » ;
! =
+QSH = shuttle heat cond. = o : '
(see 12) ,
i .
+ QS = static heat cond. = o . 1
(see 13.8) o :
+QPU = pumping loss = i !
(see 14) o
+QTS = temp. swing loss = L { 4
(see 15) N
+QITS = internal temp. = ! L _},
swing loss S
(see 16) . b
_WPH = heater windage . = -~ IS
powar B 'y
(see 8.4) N
_ﬂ%& = half of regenerator = - | [
windage power / é .
(see 8.4) . b
4 LE
P .
QN = net heat input = i!,  2
18, Heat Exchanger Duty i_ZﬁE
Gas .Heater - 1stoIt. 2nd 3rd - i
E 1y
GH =QN = | .
Q | Q g
Gas Cooler B .
QGC = QN - NP = - ‘
=C -0 ) SR
SRR
SRR E
| i
4
212
"
' za;bf-h




.._‘__
——y
v
——
|
:
]
—
-
~ o
]
- N
o
J

}

; . | !
b med o aoh e e s Avmwmnln "

. '
] .
WS WC 0 a0 (TSN LI M S el .
“y

W ol e e el Cdntted e | e |

o b ] i
b‘ . ‘ ‘ ! ; i : i i (-
. “ ‘ H ) . 1]

1

( .

|

A % L B 19, Gas Heater

! 19.1 Tubular Type
i RE = from 8.2.1
| -
LH.-.: =
| DIH - )
- ‘ From Figure 4-19; ' ::
;, 2 |
HF’R?:@= |
CP(@a ]
- by
p ; G = g/cm2 sec -- from 8.2.1]
~;, CV = J/g+ K.-~ from Table 4-8
: { | L% Cp = J/g+ K -~ from Table 4-8 for THM = K
N ﬁ PR = . from Table 4-9
Jor R '

)

b~

il e o ang,

T

n

O

©
—
L~

[}

e

Ll

2)1 / = w/cm26 K
k)

hos
—
=
e
~
—
~—

b *‘-i:_h.—- o

AHT = (NTH) (n) (DIH) (LHHT) = ( )u( )it )

sz

__H(AHT o
?T?ETéIWH%}?EVj" 21 ( I U K ) )

2 BT
n

S - =}

NTUH

NE " TR ub ww

N Aot

@

10l
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2nd Iteration
TH = Thm . Q6K

TR A oo . —

drd Iterg tion

(LR TN S

@

T R e o —

) - )

19.0 Annular Gap Type Heatar (Equation 4-136)

RG = e WO K - from Tab e 48 at THM =

= L 860kG) L2t )
i 4(5@%- 1 T)' :

AHT - DCY(n)(LHfﬂ')‘ S N ¢ N ) =

Y eam

R
e e WCHS e

. H(AHT)

NTUH- S NS Ty - :(M-L.X_)zm.t)(. (hlﬁ) .

Ist Fteration

T QuH
e - mm')‘nmg)l(vv)'(o?\p“m’mm" SN

(from 2,7,0) . .
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S
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™
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R

)
)" ) ) (exp(

N . .

n
—
~

]

N
P

Al

2nd Iteration

TH THM-Q%—H=(. )é_.__;.

K

3rd Iteration

THM - %%? = ( ) - {-—--f,

= K

TH

n

19.3 Isothermalizer Cone Type Heater (Equation 4-137)

KG =- w/cme K -- from Table 4-9 at THM =~

GTA = | cm -- from 8.2.3

AHT

n(NC)(nc1)\j(9§l)2'+ (Le1)?

TR L U

1st Iteration

TH = THM -
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20. Gas Cooler

Loy T A A
by oy b b ,» o
f i 1 \ ' ’
{ - - . .*} u..-.-l..‘-....éh ,’ - —— ——— '-A
2nd . Iteration
TH = THM - QEH. . ( ) - %~*w~fg
N K
3rd Iteration
™= THM - B )H
= K

20.1  Correction of effective cold metal temperature due to temperature

rise in cooling water.

N (R
M= e TEes) T LR

= e K
fCM = TCNI + AT/2
c L)
e T P e
2000 Tubularvape
RE = from 8.3.1

Erom Figure 4-19:

9
T

H(PR{ oW

CP(G -®- ———

G = — g/sec en® -~ from 8.3.1
WCS = ) g/sec -- from 8.3.1
Cv = 3’9k
From Table 4-8
CP-= L J/geK

PR

[}

— ftrom Table 4-9

2o

e s e

I for- TCM =

I TP S 2




| |

| \ ' ;
i ., \

|
| - l : '
! ‘ | i i
Vo AR g e B o s »ﬁwu-u—i N o o S Y 4 - "

H o= J(CP)éG) 2 2 5 ) ) w/enle K
(PR)g ( )5
AHT = (NTC)(w){DIC)(LCHT) = ( ) ( )( )
= sz
- H(AHT) .
NTUC = stremywesyien”™ ot T
First Iteration
TC = TCM + S ,
Z(FCT) (WCSY(CV) (exp(NTUC) - 1
- ( )
[ S G G | GRS | C G B ;
o L
_ e
2nd Iteration : 3
TC = TcM + 38C . ¢ )+%——% |
-
1@ |
3rd Iteration -
TC = Tom + 26€ o ¢ ) + {—-—-——%- %
20.3 Annular Gap Type Cooler (Equation 4-136)
KG = w/cme K from Table 4-9 at TCM = |
_ 1.22kG _ 1.22( ) 2 |
H= =% T ) ——W/em™e K o
AHT = (DCY)n(LCHT) = n( . _)( ) = cm? é \:
M7 ,
{
I g od i d o X E P

o i

e st T3 it

drnsa o
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ey -+ } T o R
r" ? S \ _ . 1
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[ | acd. R L — -h ‘_l.__._i_— ' R - j
j | | |
l "
- |
8 Calculate NTUC and TC in 20.] ]
x 0.4 Isoermalizer Cone Type Cooler (Equation 4-138)
i KG = W/em ek -~ from Table 4-9 at T = K |
t GTA- = cm from 8.3.3 ;o
From 2.3.3: o
2
AHT.= =(NC)(DCY) \/(Dg'l) + (LC])Z”
2 ) b
=l () \/( ) () o
= cm?
. f |
Ist Iteration : !
. QGC ( ).
= <+ = i
TC = TCM 5TKG) (ART) (— ) e T 7T “
GTA 0 ) o
A
g= j i 4
TC = K t C
2nd Iteration - ' ' , L
TC = M+ B8C w~)+§-‘—% o
= K ‘ ' ! !
3rd Iteration .»
TC=TCM+9€)—9=( )+H :
= K
|
21. Conclusion ; {
Final Net Power = watts {
|
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Final Indicated»Power S . Watts
Final Not Heat Inpta;:~:::::;~w_~w“~___“‘_ﬁq“ Watts

Brake Efficiency = e %
Indicated,Efficiency =

rpted to-shoy onl
illed oyt 0 calculate 1€ expected Performance
of the. gpy- engine described n Section 3 3. 1 partlcular,.Test
Table 3-8 1S calculated as . gine is classifieg as a
5] gle displacer and -power Pisten pair ang a rhombic
rive,
1. Type of Piston Arrangement
1.2 . Beta: Disp]acer-Piston Over]apping.Strokes
OCY..= diametep of -engine cylinder 2010
SD = stroke of displacer ~3.068  _ cm
SP = stroke of Power piston 3.068 e,
DDR = diameter of displacer drive rod g 953 cm
2. Dead Volumes and Heat Exchangers and.Walj Thwcknesses
2.1 Volumes and Heat Exchangers at Heat Source 7emperafure
VHDX = extra hot dead volume besides that. in the gas- heatep
12. 389 em3
2.1 Tubular Gas Heatep -
B NTH. = number of heater tubes per Power unit 40 .
LH = tota) length of.each heater type 24.229 cm
LHHT = heated length of each heatep tube 15, 545. cm -
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DIN = inside diameter of heater tubes _0.302 cin.

DOH = outside diameter of heater tubes  0.483 _ cm.

2.2 Volumes .at Regenerator Temperatu.e

2.2.1 Screen Regenerators

LR = length of regenerator 2.261 cm,

NR = number of regenerators/unit 8

t————————

DR.=.diameter of each regenerator _2.26] cm,
NS = number of screen layers _ 308

MSH = mesh size _83.9  ‘wires/cm. —
THW = thickness of wire in screens _ 0.0041 cm,

FF = filler factor, fraction of regenerator volume

filled with wires _ 0288 o

Screen material Stainless.Steel

2.2.3 Displacer or Hot Cap Gap Volume

LD = length of displacer _4.359 cm.
DCY = diameter of cylinder around displacer 7.010 cm,
GR = gap between displacer and cylinder wall 0.025 cm.

Stainless Steel

Displacer wall material- __

Cylinder wall materia) ___Stainless Steel

WT1 = wall thickness of displacer, 0.178 ¢,
Wi2 = wall thickness of cylinder wall 0.406 cm.
EH = emissivity of hot inside of displacer or cylinder wall

0.6

EC = emissivity of cold inside of displacer or cylinder

wall 0.5
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NRS = number of radiation shields inside the displace

,
2

or hot cap S

2.3 Volumes and Heat Exchangers at Heat Sink Tomperature
yCDX = extra cold dead
5780 cnd, | (0.235)2(0.628) 0.017] 8(2.54)°

2.3.1 Tubular Gas Cooler

|
|

vt
ool
1
4

i AR el it *

| ol

volume besides that in the gas cooler .

NTC .= number of cooler tubes per power unit _ 3'2 .
LC = total length of each cooler tube 4.470 cm.
LCHT = cooled length of each cooler tube _3.480— cm.
bIC = inside diameter Of coolerftubes.__P-‘OZ" cm.
DOC = outside diameter of cooler tubes- 0.152  cm.

2.4- Regenerator wall Dimensions (see Figurem4-23)

AHTH = heat conduction area at hot end . 1.425 cmz.

AHTB = heat conducticn ared at level B _ 1428 enf i

AHTA = heat conduction ared at level A _0.853 ot .
AHTC = heat conduction area at cold end 1:42° el
LHB = hot length regenerator wall __j;fﬂfi___ cm.
LBA = middle length régenerator wall 1,194 cm.
LAC = cold 1ength_regenerator wall ___fhf@l___cm.

gtainless Steel

Regenerator wall material

Thermal Conductivity

Temp K
THM = 978 KMH = 0.25 w/cmeK..
g = 900 (est.) KMB = 0.225
Th = 350 (est.) o =010
~ 0.5

294 KMC

et et i

n

TCM

i e ekl

e e e e — ™

il

|
'
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4. Given Operating Conditions

= : y A ]“. 2
AHTH = heat conduction area at hot end 15.915 .
AHTB = heat conduction area at level B

10.726 .2
—tc0
AHTA = heat conduction area at.leve) A 9.469 2

cme,
AHTC = heat conduction area at cold end 15.915. 2

—_—cm©,
= K . 2.858
LHB = phot length regenerator walj cm
BA = ¢ A4 P : 1.016
LBA = middie leagth regenerator walj cm,
LAC = COld,IEngth‘regenerator wall  1.245

cm.,
Cylinder walg material. Stainless Steel

Leve] Temp K

Thermal Conductivity

. TH =978 KMH = 0.25 /emuk
T8 =800 (e5y) KMB = 0.225
TA= 350 (est) KMA = -0.16 .
TM.= 294 KMC = 0.15
3. Drives
| N = Number of power units/engine 1
3.3 Beta-Rhombic Drive
LCR =

Connecting rod length 4.602 cm,
RC

n

crank radius . 1,397 e,

ECC = crank éccentricity (see Figyre 3-30) 2.065 cm.

K..
NN Make jnitia]
K= (F+460)/1.8 estimare
TH = effective temperature in hot, expansion space, I8 k.
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\
i
o i |
FCW = cooling water flow 379 g/sec. }{ y
TCWI = Temperature of cooling water into engine 294.4 K, '{
Ve “ NU = engine frequency _ 75 Hz . ff
L (Hz = RPM/60) «
é PMAX = maximum engine pressure Not Spec. MPa. %g 1
| MPa = 0.006894 (psia) V% ’
% = 0.1013 (atm) ?@
. PAVG = time averaged mean pressure __ <. 068 pa, -g .
THM = heat source metal temperature ;_ffﬁi__ K. %g' '
TCM = heat sink-metal temperature 295 K. ;, %
Norking Gas _.._.Hydrogen ?é '!
3 i
Computativn of Engine Volumes g N%

5.1 Live Volumes

Note: |ive volumes for crank and rhombic drives need
not be defined.

5.2 Dead Volumes .. .

VHD = hot dead volume, cm3

for tubular gas heater

B R I T

VHDX + - (DIH)Z(LH) (NTH)

2y

f

m .
12.339 + 7 (0.302)%(24.229) ( 40 ) = 81.811 o3,

ST ¥ NGFFRETIPEEREEY 10 T SR S PICERA, SF DT ISV 2R VO WIS Y

VRD = regenerator dead vo1ume,.cm3'

R 1 o

A

e

for screen regenerators, short calculation.

n ol
VRD = NR(a-)(DR)‘(LR)(l - FF)
= (8 ) p(22601)° (2.261) (1 - .286) ~ 51854 cnd, -
i H
b
| )
.
AR} '
| |
e




V€D = cold dead volume
for tubular gas coolers

VCDX + g(DIC)z(LC)(NTC)

i

VCD

5782 + 1 (0,102 )2( 4.470) ( 312 ) = 17.178 e,

v s e ettt

bl

6. General Intermediate Parameters
TR = (THM - TCM)/ Tn(THM/TCM)
= (978 - 295 )/In( 978 /295 ) = _570 K

7.4 Rhombic Drive Philips Engine (See Figure 4-15 and 4-16)

224

A = V(LeR)Z - (ECC - RC)?

- 7
=V(4.602 )% - (2.065 - 1.397)° = _4.553 cm

B.=\RLCR)2 - (ECC + RC)*

=/ (4.602 )¢ - ( 2.065 + 1.397)% = 3.034 cm

For a Check:

VeL = (A - B)%~QDCY) - (DDR)2>
~ (4553 - 3.034);-Q 7.010)% - (0.953 )2) = 115.06cn’.
VCLX = %((DCY)Z - (DDR) ) { -V(LCR)? - (E(fc TR cos (PHI))Z }

75.762
(4 553 -y 21.178 - (_2.065 - 1.39§_cos(PHI))Z>

VC = VCD + VCLY = VCLX +17.178
Ve = 17.178 4 75.762(4.553‘ 21078 ( 2.065 - 1.395 cos(pm))2>
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t
VC s calculated for PRI = 0,30, 60, . 3607 ; .
(See next page) * !
.
D1 = \(LCR + RC)® - (L.CC)
=600+ 1397 )7 10068 12 = 5630 e, ;
- e qh - —— —— e
C = V(LR - RO)® - (FeC)®
o [ ) ) . o
L = VE. 002 - 1,397 3% _ (2,065 )& = 2048 o
3 1 O
: VHL = (01 - €) & (ocy)? o
“\,’f: - 1
< = (5.630 - .451) 2;‘-(7.010 1 = 10 7%ens, B
VH = VHLX + VHD = -%Du y 1\/ LCR)* (ECC - (RC)cos(PHI‘)F 11
+ RC sin (PHI) - C} + VHD
i ‘1
L - .
: % { 7.010) \\/ 4.602) ( - ‘t‘mos(PHI)) 2 '
R + 1.397 sin(PHI) - 2.45) 81.81 ‘
i ; : 2’ \
;’ VH = 38.59%8 [\/ 21178 - (2.065 - 1.39%7 cos(PHI)) - 1,397 sin(FHI)
- - 2.4 ']+ 81.81 ;
5 VH is .calculated for PHI = Q0 =~ 360 (See next page)
% B
B VT = VH + VC + VRD = VH + VC + 51.85 i
T VT is calculated for PHI = 0 » 360 (See net page)
¢ §
b
R
b p = 1 1
g Vi, VRO, VT BT8R Ve
br R T(. YR 570 300
L
"3‘ P is caleulated for PHI'= 0 to 360 (See next page)
i 5 ‘ ;
{ f
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PC is calculated for PHI.= @, 30, . . . .., 360 on previous page.

PC is integrated verses VT using the trapezoidal rule,ie.
DELW = Eﬁl_%;iﬂéi

R A Y T T 7 r+ 1 7 T s
SEENENIE NG N
ﬁ ? f\ | o f I | | \ . '

b | o i . L
B ) , | ; | )
11‘ 4 . v R d ! i L ...‘J, ] e e, cnmitodst NN ST
S 4
s
R PHI = 360
! :m{,_
LT | PM = P/ 12 PM = 2.436
,' ‘ . e e
ol PHI = 30- (see pirevious page)
g |
| Note: Do Not Add in P-at PHI = Q
e M(R) = 2EUE = 2068 . 4 a409 gyk
o PAVG
| {é’:’ PC = P< sy P (0.8490

(VT2 - vT1)

S
T ..‘.gg.;gﬂ?' R
’ Tl ‘

For the first .increment the subscript 1 stands for PHI-= 0°

and the subscript-2 stands for PHIA; 30°, For the second

increment the subscript 1. stands for PHI = 30° and the
subscript 2 stands for PHI = 60°.

DELW is sumed for al]
12 increments.

FH is calculated for PHI = 30 to 360
graphed on Figure 7-1.

FHMAX = _0.560 FHMIN =

(results on previous page) and js ...

0.155

‘]2.
BP = NU(1.045) E , DELW
1
= _25_ (1.045) 94.218 = -2461. watts.
The mass flow rates are now computed
- POH) o P(VH) I(R) =
FH = MRY(THY ~ T 978 ) M(R) 0.8490 J/K
M= _..M_(.B_)_ = M%—.
8.314 8.314
M= 0.1021-. g .mo)
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1.0f ‘

O 157 ITERATION
[0 2ND TTIRATION

- ~ FCT170. 32r —->\ \‘- FCT2=0.325

238 FHMIN=0.155
- .

; 0.9
173

; ) FH
| G

0.8

0.2
\

@
[} FHMAX=
0- 560

N FCMAX=
0.695

0.7

0.3

FCMIN=0.175 .
330

k“" FCT4=0.325

L ‘ 1.0

0 - ‘
90 180 270 360

CRANK ANGLE, DEGREES

Figure 7-1. Mass Flow Approximation.
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P 53@@
e
.3 A
‘ e - 0325 Fete -« 0,325
f X: FCT\lI = [:—C-IAL:L:[-LLL? = .,(-).ig!}..__v,__gk.._g:_s‘_‘?.su.w = 0 ;()F, it
@
IAE qwm\-rmnNmpm)
- WHS - FCTH/NU ‘
i b ]
L o 0.560 - 0,158 0.102 2.0; 475 *
G ={0.56 (a&g%ﬂﬂ%10§HNA&LJ4_W&g§MMgAM
i = Pve) — P§VC§
3 T NMIRYTICY T T008E00 Y300 )
| ?E FC is calculated for PHI = 30 to 360° (see previous table) and is qraphed
§ on Figure 7-1. '
i FCMAX = _0.695 FCMIN - _.0.178
¢
L ‘ , |
FCT3 = _0.303 FCT4 = _ 0.325
~ . e " ‘ ! .
| FcTc = FCT3 * FCT4 - 0.303 3 35 0314 bl
' T N
[
i : - (FCMAX - FCMIN)M(MY) . | i
AR WCS - (R A T I

_ (0.695 - 0.175 )(mo.Io% ){(.2.00) . 8538 a/sec . 1

e
PP PR LTI NV TSR SRSt AT -~

f,; For regenerator:
K FoT = FCTH * FCTC | 0325 + 0.314 _ | 4y .
§ “ T !
4 5 4. [y ks
: RS = WS+ WCS _ 6.425 L8538 s /e Lo
I L
X i
{
: :
£ !
§ o
3 Vol
i ; ]
: oy
, | |
g.
A 0‘9 -
.

_:._.L_A, I ' 1 | 1 1 JA__LI . 1 j’).:': “L i _ Ao _J_.‘;.:J w=d i tege——— - kel




- 570 2 068
-6 ..
= 144.4 x 10 g/cm sec
He air
RHOM = mean gas_density M = 4.00 29
M PAVG 273 _ Mid(PAVG)
= 27478 X 9.1003 * TR - 0:120%2 TR
. 0.1202(2.02 y( 2.068) _ < ]0-4 g/cm3
( 570 )
For numerical Schmidt analysis (from. 7.4)
WRS = 7.482 g/sec
_VRD _ 51.854 _ .
AC = TR = ~7Z.261 ~22.33
=\iBi= = ' 2
G c E%f%%;i- 0.3262 g/sec cm
!H)Z 5
AHT = 5 (MSH) (THW) (DR) “(NR)(NS)
2
= {)” (83.9 )(.0041 )( 2.261) g8 (308 ) . .

230

Fluid Friction loss

8.1 Regenerator Windage

8.1.1 Screens -- VHL = 122.784
TR = 570
PAVG = 2.068

for hydrogen:

cm3’(from 5.1 or 7.4)
% (from 6)

MPa. {From &) .

MU = 88.73 x 105 + 0.2 x 1078 (TR - 293) + 0.118 x 107° (PAVG)

2

2 21382 cm?

R R e ar

ke

LU ama e a Y




|

=) ememag o

" If RE < 60:

H]

RH

RE

log F

3.035

o on
AC{LR)/(ANT )= 1.22;9?‘L 2.261)

2,425 x 1073

D]

4&5H)G L 4(2.425 x 10"33(943§§g1 .o
- (1.44 x 10°%

¢ :

1.73 - 0.93 log (RE)

21.97

If 60 < RE < 1000:
log F = 0.714 - 0.365 log (RE) .

If RE > 1000:

Tog F = 0.015 - 0.125 log (RE)

DELP =

F(6)% (LR)

DELP

2(107) (RH) (RHOM)

. e N2y o e
(3.035 )(.3262)°(2.26L) _ _ 4.0172 MPa

(2x107)(2.42x10"3) @81x10°

Y

For numerical Schmidt analysis

WPR = (DELP

) (WRS) (2)(FCT)

(RTIOM)

_(0.0172 )( 7.482 )2( 0.320 ) 93 watts

(8.81 x lo;a)

cm

Q31
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NI o
| ’ . TR N L
|
| ’ 8.2 Gas Heater Windage - -
L .
Ly 8.2.1 Tubular Heater |
S for Hydrogen:
4 2 MU = 10‘5{88.73 + 0.2(THM - 293) + A,Q_‘<.118"(PAVG)}
‘ ! . i .
I = 978 2.068 _ )
) = 2,26 x 1074~ g/cmesec P
! , >\ He  air. R
; - M = 4.00 29 o
| RHOM = 0.1202 MW(PAVG)/ (THM) f oo
| = 0.1202( 2.02 )( 2.068)/( 978_) = 5.13 x 1074 g/cn’ o
5 For numerical Schmidt.analysis.( from 7.4) | L
WHS = 6.425 g/sec | vi
, | | | |
. AC = (NTH)(DIH)® w4 = ( 40 )( .302 2= 2.8 en? ¥
'\ 6 = WHS/AC = 12425 = _2.239  g/en’ sec ' | {
o b
L RE = (Dﬁﬂ)e - (.302 )(2;239) = 2901 |I g
| (2.26 x 107%) o
| If RE < 2000, F = 16/RE = 16/( ) = P i
{ . .
| vV If RE > 2000, Tog F = -1.34 - 0.20 Tog (RE) ’ 3
’ f 9.22 x 1073 2991 f g
| For numerical Schmidt analysis | |
; - 2 | ,
DELD< _2(F)(&)2(LH) o
| 10Z(DIH) (RHOM) SRR
o -
Ay . 2022079 (2.239  )2( 94,23 ) _ 0.00145  pa .
107( 0.302 x5.13x10‘4) . T e 1
l‘-!
232 v
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DELP (HHS )2 (FCTH)
RHOM

i}

WPH

0.00145 )(6.425  )2( 0.325 ) - 11.77  watts
(5.13 x 10°%)

8.3 Gas Cooler Windage

8.3.1 Tubular Cooler

for Hydrogen:
MU = 1070 '{88.73 +0.2(TCH - 293) +WQ¢]18(RAVG)}
295 2.068

—————

= 8.94 x 10'59/cm sec

' i He air
M 4.00, 29
RHOM = 0.1202(Md) (PAVG)/TCM
- 3
- 0.1202( 2.02 )(2.068)/( 295 ) = 1.70x10 3 g/em

For numerical Schmidt analysis (from 7.4)

WCS = 8.538 g/sec

ac = (MO)IOZ J= ( 312 )(0.102)2 7= 285 en®
. WCS _ 8. ,
GWEHWAC = g‘ggsx = 3,348 .. g/sec cm2
(8.94x107°)
If RE < 2000, F_= 16/RE .= 16/( =
v If RE > 2000, log F = -1.34 - 0.20-10g(RE)
8.78x10™ 3820
233
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o 1 T | i 1 I 4 rfr-rv—vwlr-w-q
! b P S | 4
RPN B B U B A T
: 1 | i : ! |
Voo ! » | i \ . ‘ .
‘o - .; . -
‘ . e 3 : —— o . _ . - o .
by N
o For numerical Schmidt analysis—...
| )ﬁ oeLp = 20O0E) | 26780073 3308 )2 4,47 )
B 107(D1C) (RHOM) 107 0.102 )(1.70x10-3
b -
=5.075x10 MPa
18 _ DELP(WCS)2(FCTC) q
& WP = T o
LU -4 ‘ ;
|
4 _ (5.075x107%)( 8.53§)32g 03U ) . yatts A
g (1.70 x 1073) — |
i éﬁ 8.4 Fluid Friction Loss Summary t
| i
- ,i Gas Heater, WPH = 12 watts ;
) A ;
4 Regenerator, WPR = _. 93 watts f !
jé Gas Cooler, WPC = 2 watts . | :
3 S
| Total, WP = _ 107 _ watts -
lf ‘ . :( ‘ F
1 9. Mechanical Friction Loss o
H MFL = based upon experimental measurement §4 .
| : ' L
MFL = 0.2 BP = 0.2 (2461 ) = 492 watts T
| ‘ I
10. Basic Heat Input W '
SN
= BP___ 2461 ) P
BHI - TC - 300 3550 watts ! )
H ) = T978._ g 1;
11. Reheat Loss. o
’ 11.1 Constant Volume Assumption (Equation 4-97) P ‘;
FCT == 0.32 (usually 1/3) (from 7.4) N
WRS = _ 7.482 g/sec (from 8.1) é‘ 4
E— ¥ '
; : b
.'4 AR
| B
A
234 ’ 3




ﬁf; [I }”f T [: R A A A A A A e
]‘ 1 i . ‘ | | | | ! . i v l . " : 4 S, L.
i ! ‘ | !, 5 ‘,i:‘i . " : " : . / ! ‘
o o, | [ s e S P O P
! . v : R } oo I ‘ N ) Co
| P ; . - . et et 4§
iR - o2 for TR=___670 _ K (see Table 4-8)
o CP = _14.55 for TR = ____570 K (see Table 4-8)
bl AHT = 21382 cn® (from 8.1)
| G = 0.3262 g/cm2 sec (from 8.1)
A PR = 0.753 __ for TR = 570  °K'(see Table 4-9)
CRE = 21.97 (from 8.1)
3
| H 3 i
| | 1og -G-(-C'P-)‘ (PR) 0.13 0.412 log (RE) _
| 2
Tog roLTg‘STS%'Wﬂ‘ (0.753 )3) = -0.13 - 0.412 log ( 21.97)
g=. 1.190 w/em® K
21382
ke (7.482 )(10.42)
tasl QRH = (FCT)(WRS)(CV)(THM - TCM) <~———-—~Nm$ T 2)
e
5 = (g.32 )(7.482 )(10.42)( 978 - 295 )<————-—-—-2 >
% "\ 326.4 +2
£
el = 103.76 wiils
Bl :
E 12. Shuttle Conduction.
E"l 12.1 High-Pressure Engine (Equation 4-110)
4 KG = 28.06 x 10°% _w/em K at TR=__570 K (From Table 4-9)
' ;B %E LT = 0.152 cml @ NU = 25 HZ (From Table 4-11)
a o LT2 = 0.152 cm (LT o YNO)
gi Kl = 0.19 w/cm K
ol From Figure 4-23
ﬁ;« K2 = 0.19 w/em K
b |
R 235




Bl Bl 1 r S5 A Al T [ 10 Y ’*‘ 7 ;W
H |} 5 f : ' ! . i ; ' ; ' H
SR SRR I T ~ L | :
' ° | . . 'l i . X \ , « '

" ‘ $ ; ; . b ‘ ( .
.! : i j : 2
» 7 '
| ‘ B+ K6 (LTI LT2 1
| =1+ ('“T Tz) ~ |
L -
: -4 .'~
N 28.06x10 0,152 0.152 1
~ 18 = 1 + 28 ( 152 )
| it . E
§ . 2 Z0.0?S) .79 0.19 j
o LB.=_ 0.129 1
e st = (1218 \ 7 (50)2(ka) (Tim - TCM) (DCY ) ‘ |
N +“‘(L‘83‘2 8 GR)LD) o
; ‘ ‘ ) .98 ) r
S R = (121029} 7 (3,068 )2(28.06x107%) (978 - 29 )(7.010 ) 5
A 1+ (1.029)2/ 8 (0.02577(4.359 ) - L
| = 449 watts N o
13. Static Heat Conduction | ;; |
13.1 Gas. Conduction Inside Displacer or Hot Cap S
R
DID = DCY = 2(GR) - 2(WT1) = 6.604  cm o
' I
(Direct from engine dimensions) IR
AHT = 7 (01D)? = 7660802 = _3a05 o B
N
R
KG = 28.06x10"% w/cme C from 12 5 ’
; :!
qc = K& (AHT)(THM - TcM) . (28.06x107%) (34.25)( 97g. 295 ) 3
() B (3.359 )

= 15 watts,

13.2 Radiation Inside Displacer or Hot Cap

IO TR WL T SRS G S

=

BB = 280 s
If:
0<%f%<0.2 then FA=-Q{—D—




R R

TrErop e
:\ ' ;
4

* o SR
. ) E | 15 o vy g mﬂlwﬂ_‘ﬂdh- bt s Y S g Ry g ey
| ; “ If:
. & V.2 - OB < 7 then FA = 0.50 + 0.2 1:1([’{3) A - 0.583
L - o If:
b BIB > 7 then FA = 1
b
n FE = (EH)(EC) =.( 0.6 ){ 0.5 ) = 0.3
N N
.g;{" FN'I+NRS‘1+2 T
o AHT = 34.25 en? (from 13.1)
L : ] 4 4
| § = (FA)(FE.)(FN)(AHT)(5.67 X ]0-'2) ((THM) - (TCM) )
e = (0.583)( 0.3 ) 1/3 )(34.25 )5.67 x 10-12
o (( 978 )% - ( 295 )4)
. , = 10 watts
E 13.3 Displacer Cylinder Walj
! " KM= 0.19 w/cm K at.TR.= 570 K (Figure 4-22)
} é:‘: 696
) TANT = g ((DCY - 26R)? - (010)2) =z ( - 2 ))2
! e ’
Wt - (6.604 ),2>
0 g;?‘! 2 .
1 = 3.788 cm
| - KHAHTI(THM - TOM) _ (0.19 )(3.788)(978 . po5 )
| « LD - L8 (3359 )
= 113 watts
i |
1 13.4 Displacer Gap
11 Ke = 2806 x 10°* w/em+ ¢ from 13,1
sl "AHT = T(DCY)(GR) = m(7.01 )¢( 0.025) = 0,557 cm2
237
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! .
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i 1
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qC - KG(AHT) (THM - TCM) | /(?‘*““’"4)(}.’.-5‘“)_( 978 . 2ah )
LD , (4.3507)
m 0.4 watts
13.5 Cylinder Wall . ..
Using the numbers in 2.5,
Let:
E \ “ [
= .....(L-l@.)f;,-..m... = 4(.858 ) o= .42
O (AHTH o) TB) TS 9T8T + (70720 0.429
Then:
- O . 0.429 = 0.903
R1 =R+ KNE 10,75 )+ (0.205) Kiatt
let:
- 4(LBA) . 40.06 ) e D MY
@ - , v
~  BAHTB + AHTA ~ T0.726) *+ (9.469 )
Then:
I ¢ N (0,201) . 0.573 ,
R2 =m0 - o8 3 T (0e Y K/watt
Let:
@ - 4(LAC) _ 4(1.245) - 0. 196
AHTA + AHTC  Toa.g69) + (15,915
Then: . ¢ ’
- o (@awe ) _ . ,
A o VPR [ B S I 0.633 __ K/watt
QC = THM - TCM  _ (978 ) - (295 |
R +R2 +RY  (0.903) + (0.523) + (0.633)
x 332 watts
TB = THM - R1(QC) = (978 ) - (0.903)( 332 )
» 678 K ~=== Original TB estimate was 800

N

[

_‘Mp&;

"y

!




4w vicmd T

TA =08 - R2QC) = (678 ) - ( g,503)( 332 )
. 504

. . . R A
e K==~ Original TA estimate was 500

S e ——— -

Now:
KMB = 0.21
KMA = 0.18

w/cm KN at T8 l
Figure 4-23

w/cm K at TA l

Now go around again,

TR - _f__@___ B} (0.429)

MH+RME T 10,25 TR U oar T T ——0:933 K/watt
s n&w‘ ( 0.21(0‘)2(1] (o7s Y~ —2815  Kwatt
R3 = WA@KMC - ( o.]éo')wf ()0.]5 T - 0.594 N/watt
QC=M= (978 ) - (095

T8 = THM - RI(QC) = (978 ) - (0.933 )( 334 )

= 666 K ~--- Previous estimate was 678 K
= T8 - R2(QC) = ( 666 ) - (0.515 )( 334 )
= _ 4% K ===~ Previous estimate was 504 &

Does the difference significantly-change the thermal conductivitios?

(] Yes ------ Then go around again
Ky No -ea--- Accept last QC as accurate Qe 334

13.6 Regenerator Walls

One regenerator wall will be calculated and then multiplicd

NR. . Using the numbers from 2.4

'S

N

- 334 watlts
(0.933 Y + {0.515 ) + {0.555 ) = —33¢_

AR

- \
PRI

. '
P PP A




—

bV _1 ~ PO A . il M v . F ¥ T .
IR Pl f | ' Pl ,
S ‘. : | C | \ : [ !
i l |I : 5 ‘ t I \ g R :
—_— v_.__#:, ] ! ’ ’ = - bt il el s . NSNS vs i
A(LHB) 4(1.016_) - iy
tet D= xS (7408 + (157 "~ \
- e (1.426) .
Then R = W+ KW = (775 LF (0.225) 3.002 Kfuatt .
3= . ALBA) 4(1.194) 5 »
Let @= g+ mrs = TTa2s) + (0853 - S
O O N (2.097) ) )
- _A(LAC) . 4(0.051 ) .
Let Q= BHTA + AHTC ~ (0,853 ) + (1.425 ) 0.090 ' -
: ) (0090 ) _ | L ;
X
Q = THM - TCM (978 ) - (235 ) - 4
RI + R2 + R3 ([ 3.002) + (5.446 ) + ( 0.289) _ 78 watts. ! by
e
o ; |
TB = THM - R1(Q) = ( 978 ) - (.3.002)( 78 ) o t
= 743 K ---- Original estimate was 800 K~ } ‘ lj
TA=TB - R2(Q) = (743 ) - (5.446)( 78 ) - ‘1
TA = 317 K ---- Original estimate was _ 350 g ; o
Now: o
|
g = 0.21 w/cm+ K at TB. o
Figure 4-22- oL
KMA = 0.155 w/ems K at TA ]
o
Now go around again: : f;
t
0] (1.426) . | - : :
Rl = oirr B = (s )+ (2T ) - —21%0 Kivatt | |
) ( 2.097) } § :
RZ = ¥MB+ KA.~ 7721 ) + ( .155 ) 2.784  K/watt L
o
Sy o D) ( 0.090) o PoLo
R3.% gpr@ie = T 155 ) + (150 ) - ——2:224 _ K/watt N
] '
‘( ‘
_OTHM - TCM (978 ) - (295 ) i ‘ !
Q= s R’ G0 ) FUE.7a) F 098y - [l watts. |
240 1
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! t § ’ . \ !

‘ T

R o ' .
S i 1 . . .
I : DYt et el i R byt oot A KD AN 8 TN A R S SO R T SO
. Thoe TN - RIQ) (978 )~ (A 000)( 7./ )
| = a6 o K oee-= Previous ostimate was 43 K
b TA =08 « RIQ) = (/a6 ) = (674430 74.008).
f.@; = 3L K ==== Pravious estimate was 312K
,E Does the aifference significantly change the theymal conductivities? - ; 1
! Yes. ] then go around again . § !
No DQ] then go..on ' 4

b QC = Q(NR) = (74.75 ) (8 )= 598  watts o

}
|
o !
. 13.7 Regenerator Matrix (From 2.2.1) ~
i
3

13.7.1 Screen Stack (Equation. 4-120)

KM

1

0.19 w/ene K at TR = _ 6570 K (Fig. 4-22)

1}

K6 = 28.06x10°"  wom-K at T = _bSn K (Table 4-9)

SEE R A TR

KM ' 0.19
1+ 5 v T
. Let®: }\(’ - - ‘L‘-.O(\N‘IO = _].030

Dl N ik =

L R VN .
KG / 08,0650 ’ Do
. . i
MY = K = FFY L ona neornhyf(-1.03 ) - (0.286) i ,
KMX = kG(Eejs?F> (,3.00x10.)<(_].03v) T ;
: . . 3

= 4.96x10’3 w/cm s K

' D1 »
21‘DR)L”= J"(}{;?Q‘ )e = A.0¢ cm

AHT 5

13

qc = (NRIKMX(AHT) (THM - TeM) . (8)(4.96 x 1073y A0 Y978 o pas 1
' LR

TRy T |
. {

= a8 watts. ! l ]
) i i
i
R é * X

! |

¢

f




1
o | .
; ; 13.8 Summary of Static Heat Conduction
2 Section
| /; 13.1 Gas Cond. Inside Displ, QC = 15 watts ... o
13.2° Radiation Inside Displ. QR = 10 }
| 13:3 Displ. Wall = 13 »
o 13.4 Displacer Gap .. Qc = 0
13.5. Cylinder Wall qc = 334 |
| 'A% 13.6 “Regenerator Wall qQc = 598 5 |
? { 13.7 Regenerator Matrix QC = 48 j 5
: é Total QS = 1118 | 1
J 14. Pumping Loss (Equation. 4-126) : &1
PHAX = 880 MPa from 6 f h
PMIN = _ 1,337 MPa from 6 j 3
ﬁé:g} for H2 f: %4
RM = hos 8310 g g ifge K M4 =]4.00 for He Ry
29  for air 1
21 = 1 (normally 1 except when gas temp. < 70 K) ]
ooy \0+6 20y (mm - ToM)  [ipmay - uIONU(cP) 2\ 6 o g .
QPU = [ = : el GR™® '
< G > Y040 . < THM "= TCM)RM >

1
o

(L2.88  -1.337 )( 2 (14.°
(978 =295 ) 7.17%)

. |
= 13.6 watts i

~
1
G
e
N
S——,
o
-
)
=
S
&ai
g
ro
o

o (P (700N 5(4.350)( 978 . 295
WU = <(28,\]O' %) 1.5 17 7) - ~
1

{

|
242
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15.

DELTMX = WRS (CV) (FCT)(THM - TCM) _ (7.48 ?4)(]0 42

6.

? R % ?A ”1 }

1
|
3
¥ h B i s et e et et . e d o wbam .1144.'».-;‘ wt -

o

ARRADY SO § B s i e s Wtk

Temperature Swing Loss (Equation 4-128)

FCT = 0.32 see 11

7.5 g/cm3

ROM

from Standard References

n

CPM 1.05 ilg- K

For Screen Regenerators:

NRv£-(DR)2(LR)(FF)(R0M)

MMX

(8 )zl 2.261)%( 2.260( 0. 286 ) 7.5 )
155.78 g

n

NUMHX) (CPM) (155.%@)

= 4.167 K

QTS = (FCT){wrs )(CV)(DELTMX)/2

= (0.32 )(7.482 )( 10.42)(4.167 )/2
= 51.98  watts

Internal Temperature Swing Loss
KM = 0.19 w/eme K from Figure 4-22

For Screeis: N

"

LMX = THW/2 = (0.0041)/2 = 0.00205 crit

0.25

n

c3

- QTS(C3) ROM) (CPM) (LMX)“(NU)
as - g con

o (51.98)(0.25 )( 7.5
{0.19

DI
)

o_n
N
\J‘\I

0.177 watts
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17. Performance Summary p
Net Power, watts 1st Iteration 2nd 3rd
B8P = basic power.® 2461 2287 L ]
(from 7) .
WP = windage power = 107 107
(from 8.4) 4
. NS S b
MFL = mechanical
friction loss = 492 45T ¥
(from 9) R T
Np = BP - WP - MFL = 1862 1723 I
= net power v i
o
Net Heat Input (watts) 1st It. 2nd 3rd 1 B
(Equation 4-132) |
[
BHI = basic heat input ¢ _,EEEE_,__ﬂ 3415 — ?i
(see ]0) _ i |
+QRH = reheat 1oss = N S 1 2 ‘!
(see 11 T
+QSH = shuttle-heat cond.. = 449 b 5
(see 12). ' :
+ QS = static-heat cond. = JRRAL L
(see 13.8) R
4QPU = pumping loss = 14 Lo
. (see ;
)
+QTS = temp. swing loss = 52 ) 1687 3 O
V (see 15) — < ;
+QITS = internal temp. = 0 A
swing 10ss g i
(see 16) , ; 1
-WPH = heater windage S L S
power b : j
" (see 8.4) Lo
WPR . hatf of regenerator = - 8 ‘ |
windage power ’ f
(see 8.4) 1
5102 k
- !

QN = net heat input . 5237
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i ?5 18, Heat Exchanger Duty
o Gas Heater Ist It 2nd 3rd
| QGH = QN = 5237 5102 ¢
f% Gas Cooler z i
g & 1
/| QGC = QN - NP = 3375 3379 1
2 1 |
d = (5237 ) - (1862 ) P
X T
j 19. Gas Heater f |
?i Not needed because in GPU-3 the effective gas temperature is f‘
2 assumed to.be measured with a thermocouple. TH = 978 K. |
| .
4 o
gﬁ 20. Gas Cooler —— | o
.i 20.1 Correction of effective cold metal temperature due to temperature . ? fy
& rise in cooling water. ?1
g AT = Q8C (3375 ) ¥
3 FCW(4.7868)  ( 379 )4.71868 e e -
1. SO ’ l 3
b = 2.13 K o
| TCH = TONI + AT/2 | IS
: = 294.4 4+ K-EL%E-l = 295.5 K SENE
] - T ' -
; 20.2 ‘ubular Type Lo
; LCHT _ 3.48 f h
! RE = 3820 from 8.3.1 51D -~ o707 - 34! b
E From.Figure 4-19: s e e > ! ]
i % ; }
e . o
S ! c—p(-(;*g-—-®- 0.0031 ; i
sec cn? X
! G=_3.348 g/sec cm~ -- from 8.3.1 %{
A'ii . . ,i ¢ i
| AR WCS = _ 8.538 g/sec -- from 8.3.1 | ’
u: 3 ’ %
I‘: : ; : .1
, '; g 1
:- 2 '
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| v = 10.18 jlgeK
| From Table 4-8 §
B cp = 14.3] jlgeK for TCM = 295 K -
pR= 0.72 from Table 4-9 \ 4
Al A |
! " —@E.P_L%@_ (0.0031)(;14.3%—)(3.348) 01888 w/cmde K i\
]
(PR)S v ( 0.72 )3 )|
i
AHT = (NTC) () (DIC) (LEHT) = ( 312 Yn(0.102 )( 3.48 ) !
, . mpee o
P i
B ___H(AHT) _ (0.1848)(347.92)
L NTUC = [FETC ) (WEST (C) 2(0-314 1(8.538 YU 70.18)
P
= 1.178
First Iteration..
| TC = TCM + Que i
! ZTFCT)TWCS)(CV] (e Xp(NTUC) - 1) |
\
7 X
'% o (13375) ~
T = (295.5) + y{g3iaT(E.538)% 10,180 (exp(1178) - 1) ‘
j \ 8 ‘
@= __122.73 [
{ s
} j = 323.00 K j
| ’;
\ o
I
| |
D40




An additional iteration was now made by programmable calculator.

TH.= 978.00 TC = 323.00
PHI PC FH
0 2.653 --
30 2.394 . 0. 561
60 2.118 0.585
90 1.827 0.453
120 1.562 0.341
150 1.388 . 0.239
180 1.361 0.176
210. 1.530 0.161
240 1.908 0.195
270 2.418 0.276
300 2.807 0.384
330 2.85] 0.477.
360 2.653 0.537

FH and. FC are plotted in Figure 7-1.

the results and does not ‘change the flow rates or times.
used in 17 to calculate NP and QN as
used to calculate-QGH and QGC in 18.

21.

2nd Iteration

TC

Conclusion

Final N~t Power =

‘ated Power =
- Final Net Heat Input =
Brake Efficiency =
Indicated Efficiency =

Final Ina

2 Q6C | por 5y , (3379
TCM + O (295.5) + ?ﬁiﬁ?ﬁ?%

323.03

M(R) = 0.8258

S e Ry PERROR §0Y

0
0
0
0
0
0
0.
0
0
0
0
0

FC 12

-- :E:: DELW = 87.538

175 s ‘

231 ‘

+345 BP = 2287

+486 BHI = 3415

.607

.673

670

.594

.457

.3C%

.208

.170
The second iteration is seen to offset

BP and BHI are then

the second iteration. Then these are
Finally, in 20 a new TC is calculated:

K Third iteration not necessary,
1723 watts
2180 watts
5102 watts
33.8 pa
427 %
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8. REFERENCES

| The references given in this section (See Table 8-1) have been accumulated

‘ S from previous bibliographies particularly Walker (Ref, 73 j) and United Stirling
! L of Sweden, compiled by Karin Adier. They also have been obtained from the

E P authors own files and publications and from the references Tisted in these |

P Papers and reports that relate directly to Stirling engines. Fur the recent o

Compendex 1970 -- (Engineering Index)

ISMEC 1973 -- Information service in Mechanical Engineering ;
(INSPEC)

NTIS 1964 -- { .
NASA Literature Search No. 35884

The references have-been organized by year of publication. Within each year
each reference has been given a letter designation. The reference 1ist has
been indexed by personal .author. (See Table 8-2) and by corporate author if
applicable (See Table -8-3),

Not every publication listed in the reference 1ist has been obtained by
the authors, In most cases theses were not sought because the main results
are given in subsequent journal articles.

Patents are included if they were referenced in publications or were in

done -by specialists at the patent office.

The author intends to maintain this file of Stirling engine references. He
would appreciate receiving copies of publications that are not now included. !
The author has a copy of the paper on file if an asterisk (*) appears at the
end of the reference.

Besides indexing this reference 1ist by author and corporate author,
this publication discusses the different-aspects of Stirling engines and refers
to this reference Tist by number and sometimes by chief author name. In the
1900's the 19 is omitted for brevity. Also each article has been classified by
subject using the classification scheme given in Table 8-4. The kind of Stirling
engine is classified by type of heat input, arrangement of parts and intended
use. Design considerations and experimenta) results is also divided into a
number of categories, Table 8-5 gives the paper numbers that relate to each . ,
classification from Table 8-4. These classifications have been determined by S
a perusal of the publication if it were. available, otherwise the classification o ‘
was dete%mined from the title Or possibly the abstract.. This classification !

index has been found,usefu1 in preparing this publication. It is hoped that
the readers will find it useful.

248




T A e e ¥ A
f b [ _l } b AT } ] ;w{ | { '[ I ; o E o
S e T T S . R f
(O T A ~ |

Lo T . ‘
! ‘ W1 e wenad * ool g -‘-‘-l‘vréwwii“iﬂme{ mmw'd’ RO T A DA et i) - ueied PASHA ’ et o T ] g
o
|
l’ Table 8-1 1
v
o Stirling Engine References
Organized by Year of Publication 1
i
!
k
R 1807 a  Cayley, G., Nichglson's Journal, November 1807, pg. 206 ]
N (Tetter), :
] ' ;
| ' 1816 a St1r11ng, R.,,?Improvements for Diminishing the Consumption of Fue] l
! | and.1n Partjcu]ar, an Engine Capable of Being Applied to the ;
S Moving of Machinery on a Principle Entirely New," British Patent |
| No. 4081, 1816. A5, B3, B6, BS. ;
1826 a  Ericsson, J., British Patent No. 5398, 1826. .
1827 a  Stirling, R., and Stirling, J., "Air Engines," British Patent -
No. 5456, 1827. B3, * : ?
i 1833 a  Ericsson, J., "Air Engines," British Patent No. 6409, 1833. ;;
| B5. * ;
i : |
2; 1840 a Stirling, J., and Stirling, R., "Air Engines," British Patent fi .
‘] No. 8652, 1840. B2, * - SIS
A '
%% 1845 a  Poingdestre, W. W., Proceedinas iCE, 1845 g ‘ f
i 1845 b - Stirling, R., Proceedings ICE, 1845. 5 j
1 :
5 s '
: §
[y : 4
b 1850 a  Herschel, J., "Making Ice," The Athenaeum, Jan. 5, 1850, p. 22. ; ;
3 . P ;
[ :' | Y
; b |
1852 a  Joule, J., "On the Air Engine," Phil. Trans. R. Soc., No. 142, %i .
pp- 65'770 D3A * ?; Q
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1869 b

1871 a Schmidt, G,, T

1874 a Kirk, A., "oOn.t

'\""hn.\ntnn,

1853 a Combes, Par M.y “Sur Des Docunents Relatifs A La Machine A Air
Chaud Du-Capitaine ricsson," (Documents Relative to the Hot
Air Machine of Captain Ericsson) Annalis des Mines, Vol, 3
1853, A5, B3, pg, B8, o

s and Rankine, W. J. M., British Patent No. 1416, 1853,

1853 b Napier, J. R.
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1854 a Rankine,ﬂM., "On the Means of Realizing the Advantages of Air Engines,"
Proc. Br. Ass., Sepiember, 1854,

1854 b "Napiep and Rankine's Patent Hot
No. 1628, October 21, 1954,

' Mechanics Magazine,

Air Engine,’
B5, «x

1861 a Schmidt, G., "Theorie der Geschlossenen Calorischen Maschina
von Laubroy und Schwartzkopff in Be

rlin," L_Journ,,
Vol. CLX,. pg. 401, 1861 or Zeitschrift des Oster. Ing. Ver.,
Pg. 79, 1867.
1864 a- Dinglers Palytechnisches Journal, Vol. 172, pg. 81, 1864,
1865 a

Dinglers Polytechnisches Journal, Vol.

179, pg. 345, 1865,

1869 a Delabar, G., Dinglers Po]ytechnisches Journal, Vol.
1869,

194, pg. 257,
Eckerth, "Technische Blatter," 1, Jahrgang, Prague, 1869,

heory of Lehmann's Heat Machine,"
German Engineers Union, Vol. 15, No. 1, 187]. D2, «*

871 b Rider, A. Koy "Improvement in Air-Engines,"'United States Patent
111,088,.January 17, 1871, A5, B5, Bg. '

" Journal. of the

he Mechanical Production of Cold,!
Institution of Civi]‘En i

' Proceedings of the
gineers (London), Vol, 37, pp. ?24-3I5,
January 20, 78 43,3, F9. «
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1875 a Fritz, Prof, B., "Ueber die Ausnlitzung der Brennftoffe," (Utilization ; S
of Fuel), Dingler's Polyt. Journal, 1875, Ab, * - — {!
ol
1876 b "Air Engines," Cditorial, Engineering, Vol. 19, Part 1.- March 12, 1875, I
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1879.-a- Slaby, A., "Die Luftmaschine von D.W. van- Rennes," 1879, B4. * ;; ;
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1880 a Slaby, A., "Ueber Neuerungen an Luft- und Gasmaschinen," : ¥ |
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Journal, Bd 236, H. 1, 188C. B4, * g
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1881 a  Schottler, R., "Uber die Heissluftmaschine von Rider," Z.V.D.I. ;% 4
Vol. 25, 1881 B5, B8. : ‘g
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